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In this paper, we explore the evolution of baryon asymmetry as well as the hypermagnetic field in
the early universe with an assumption that the flavon of the Froggatt-Nielsen carries an asymmetry.
Through the decay of the flavon to Standard Model fermions, this asymmetry is transferred to
fermions, where the right-handed electron keeps its asymmetry while its Yukawa interaction is out
of thermal equilibrium. Through the existence of the flavon, we can ensure that the freezing-in
temperature of the right-handed electron is closer to the electroweak phase transition than the
Standard cosmology scenario. With this trick, the asymmetry in the right-handed electron is saved
for a longer time. Moreover, the injection of the asymmetry to the right-handed electron is gradual,
which helps the preservation of the asymmetry in the right-handed sector significantly. Due to the
intimate relationship between fermion number violation and the helicity of the hypermagnetic field,
some of the asymmetry is used to amplify the hypermagnetic field which itself helps to preserve the
remnant asymmetry through keeping the Yukawa processes out of thermal equilibrium. We find the
sweet region of the parameter space that can produce the right asymmetry in the baryons while
generating a large hypermagnetic field by the time of the electroweak phase transition.
I. INTRODUCTION
One of the most intriguing questions of parti-
cle physics is the observation of matter-antimatter
asymmetry. The observed asymmetry of the
baryons is
ηB ≡ nB − nB¯
s
' 8.5× 10−11, (1)
with s = 2pi2g?T
3/45 being the entropy density.
The value of ηB has been obtained by two orthog-
onal methods, one from the Big Bang Nucleosyn-
thesis measurements [1] and another one from the
Planck data [2], and they match miraculously. If
the universe had started with an equal number of
baryons as anti-baryons, three necessary and suf-
ficient conditions known as Sakharov conditions
are needed to generate a baryonic asymmetry: 1)
Baryon number violation, 2) C and CP violation,
and 3) out of thermal equilibrium process [3]. To
explain the observed baryon asymmetry of the uni-
verse, physics beyond the Standard Model (SM)
and new degrees of freedom are needed (e.g, [4, 5]).
Furthermore, it has been shown that baryon num-
ber violation is highly influenced by the presence
of a hypermagnetic field [6–18]. That is because in
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the Standard Model (SM), baryon number viola-
tion is proportional to EY ·BY , where EY and BY
are the hypercharge electric and magnetic fields,
respectively.
Interestingly, there are some questions in the ob-
servations of widespread large scale magnetic fields
in the Universe as well. Large scale magnetic fields
in causally disconnect patches have been observed
to have similar amplitudes [19–21]. Even though
part of the community believes that the origin of
these magnetic fields is some astrophysical activi-
ties due to late post-recombination physics, some
cosmologists insist that these observations roots in
the early Universe. There exist different scenarios
which try to explain the origin and the evolution of
these cosmic magnetic fields which are referred to
as magnetogenesis scenarios [6, 7, 13, 14, 22–35].
The evolution of the magnetic fields is not rigor-
ously understood; however simple conservative es-
timates indicate that to justify the current mag-
netic fields, we need to have magnetic fields with
amplitudes about 1020G by the electroweak phase
transition (EWPT) [7, 12, 14, 36–39]. It is worth
emphasizing that the quoted value is a rough es-
timate since there are numerous non-linear effects
before and after the EWPT that have not been
considered in this estimation.
In this paper, we are interested in scenarios
where the initial seed of the hypermagnetic field
amplitude (HMFA) is small, and through the exis-
tence of baryonic asymmetry, we get a large value
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2of HMFA (∼ 1020G) by the time of EWPT. In
Ref. [9], however, the authors have shown that in
the standard cosmology (SC), this is rather impos-
sible, even if we start with a large baryonic asym-
metry. Therefore, we need to consider alternatives
in the non-standard cosmology.
To succeed in our mission, on the one hand, we
need a mechanism that generates a large baryonic
asymmetry that can be used to amplify a small
seed of hypermagnetic field; on the other hand, we
need to control the effect of the sphalerons– either
by changing the Hubble rate such that the freeze-
in1 of the right-handed electron occurs closer to
the EWPT and/or by injection the asymmetry into
right-handed electron slowly.
The importance of the right-handed electron is
because of the following: If we insist on having
the constraint B − L = 0 and we have some ini-
tial asymmetry in the right-handed electron, then
we must have some asymmetry in the baryonic
sector as well. Right-handed electrons at high
temperatures are not in thermal equilibrium and
therefore cannot lose their asymmetry. However,
once their Yukawa interaction’s rate gets higher
than the Hubble rate, then the asymmetry in the
right-handed electron can be transferred into a left-
handed electron and electron neutrino, and then
weak sphalerons can wash out the asymmetry –
eating the asymmetry preserving B − L until it
becomes zero. Before the EWPT, the rate of
weak sphalerons is proportional to T 4, but then
after the EWPT, their rate becomes increasingly
more suppressed. Therefore, the rate of change
in baryon asymmetry is more efficient before the
EWPT. In the standard cosmology, the difference
between the freeze-in temperature of right-handed
electron, TR ' 105 GeV, and the temperature at
which EWPT occurs (TEW) is large enough that
the weak sphalerons have enough time to wash out
the asymmetry. To avoid this problem, one solu-
tion is to change the cosmological evolution.
Recently, Chen et al. [40] discussed the genera-
tion of baryon asymmetry through the decay of the
flavon. In this paper, the flavon dominates the en-
ergy density of the universe and causes the freeze-
in of the right-handed electron to delay. Their sce-
nario is motivated because the flavon of the Frog-
gatt Nielsen (FN) is theoretically motivated to jus-
tify the hierarchy of fermion masses [41–43]. The
paper [40] has an obvious merit in that it explains
two problems with a single theory. In this paper,
we would like to be even more ambitious and find
1 The temperature at which the right-handed electron
comes into thermal equilibrium.
the region of the parameter space that can solve
the magnetogensis as well. We find that only a
small region of the parameter space can give sat-
isfactory results, and that is with the assumption
that the flavon only couples to the first genera-
tion of fermions. This way, the branching ratio of
the flavon to the electron is more significant and
thus more asymmetry can be transferred into the
fermionic sector. Since the masses of the first gen-
eration are the most troublesome compared with
the electroweak scale, we insist that this assump-
tion is justifiable.
Our results give the most desirable outcome
when the cut off of the theory is about 107.5 GeV,
and the mass of the flavon is nearly 15 TeV. The
initial comoving wavenumber of the hyermagnetic
field should also be about 0.5 × 10−7 × T?, where
T? is when the flavon starts dominating.
The organization of the paper is as follows: In
Section II, we explain the FN mechanism and the
couplings of the flavon with fermions. The nature
of the FN symmetry as well as the evolution of
the flavon in the early universe are discussed in
Sections II A and II B, respectively. Section III is
devoted to the evolution of the hypermagnetic field
and Section IV discusses the Boltzmann equation
of the right-handed electron in the presence of a
flavon, sphaleron, and a non-zero small seed of
the hypermagnetic field. In Section V, we do a
numerical study of the coupled Boltzmann equa-
tions. First, we discuss one benchmark in great
detail, and then we scan through the parameter
space and find the desired region. The concluding
remarks are presented in Section VI.
II. FLAVON MODEL
The Froggatt-Nielsen (FN) mechanism is a pro-
posal to reproduce the mass hierarchy among the
Standard Model (SM) fermions with O(1) Yukawa
couplings. The solution it proposes is charging
the fermions under a new symmetry such that the
lighter fermions have a larger charge. The charges
of the fermions causes their Yukawa interactions to
be modified. That is their Yukawa interactions at
low energies become
LYuk ⊃ yfij
(
S0
Λ
)nij
f¯LiφfRj , (2)
where φ represents the Higgs, and fL,R are the
SM left-handed and right-handed fermions, respec-
tively. The indices i, j represent the fermion’s gen-
erations, and nij is related to the FN charges of
fermions. The complex scalar S0, known as flavon,
has a charge of −1 under the FN symmetry, and
3it is used to cancel the charges of the fermions
in the Yukawa interactions. In this set-up, Higgs
does not have any FN charges. The cut-off scale Λ
represents the mass of some vector-like fermions
at UV scales. Once S0 acquires a vacuum ex-
pectation value (vev), the FN symmetry sponta-
neously breaks. After the FN spontaneous symme-
try breaking (SSB), S0 obtains a dynamical part
S and a constant part vs: S0 → S + vS . The
masses of fermions are the result of both Elec-
troweak SSB and FN SSB2, and are proportional
to yij
(
vS
Λ
)nij
vφ, i.e. the SM Yukawa couplings
of fermions are yij
(
vS
Λ
)nij
. Knowing the fermion
masses and their FN charges,  ≡ vS/Λ can be
estimated, and in the most minimalistic scenario,
it is approximately 0.2. The purpose3 of the FN
mechanism is to make the yij in Eq. 2 natural,
O(1).
We consider a scenario where the FN SSB oc-
curs much earlier than the EWPT, and thus it is
important to comment on the coupling of the dy-
namical field S with f¯LifRjφ. We use the notation
where this coupling is gij/Λ, with
gij ≡ yfijnijnij−1. (3)
Furthermore, we focus on the case where only
the first generation is charged under the FN
symmetry.4 This is justified because the first-
generation has the smallest masses in the SM.
Specifically, we will take the charges of the first
generation as the following [44]
QFN(Q¯1, u1, d1, L¯1, e1) = (3, 5, 4, 5, 4), (4)
which using the definition nF = nF¯L + nFR leads
to
ne = 9 nu = 8 nd = 7. (5)
A. The Nature of the FN Symmetry and the
Generation of Flavon Asymmetry
Thus far, we have not commented on the na-
ture of the FN symmetry. In the following, we will
2 We assume the Electroweak SSB to occur around TEW '
160 GeV. The FN SSB is expected to be at much higher
temperatures, but its value is a free parameter that can
be tuned.
3 It is important to mention that fermions, unlike Higgs,
do not suffer from untamed quantum corrections. That
is the radiative correction to their mass is always propor-
tional to vh and thus it is finite.
4 Note that we do not have any off-diagonal entry in the
couplings of the flavon with the SM fermions. In other
words, the couplings of fermions with the flavon in the
interaction basis are the same as the mass basis.
discuss what kind of symmetries are suitable. In
general, the FN symmetry can be global/local and
continuous/discrete. Given that the FN symme-
try is severely anomalous, we focus on the global
case. As a result of SSB of continuous global sym-
metry, a massless Goldstone boson emerges; a con-
sequence that is strongly disfavored by CMB [45–
47]. To avoid this problem, we can assume the
FN symmetry is discrete, ZN [48], where we take
N = 20 to make sure the charges of light fermions
are well-defined. Even though the SSB of a dis-
crete symmetry leads to the production of domain
walls in the early Universe, the lack of observation
of domain walls so far can be cosmologically justi-
fied (see Ref. [49–52] for more information). After
the FN SSB, both the real and the imaginary com-
ponents of S gain different non-zero masses. How-
ever, as argued in Ref. [40], one could start with
more complex fields and the flavon can be defined
as a complex linear combination of these fields with
the same mass. The sameness of the mass of these
degrees of freedom can be protected by a symme-
try such as a custodial symmetry [53, 54]. Defining
S as a complex linear combination of the scalars
means that S can carry some initial asymmetry
(e.g., through Affleck-Dine mechanism [40, 55]).
It should be noted that the non-renormalizable
interactions of the flavon, e.g.,
V (S) =
κ
ΛN−4
SN +
κ′
ΛN−4
S∗N + V ′(SS∗), (6)
with κ∗ 6= κ′, are responsible for the generation
of flavon asymmetry [56]. Thereby, their effect is
more relevant at high temperatures, when the sup-
pression of T/Λ is smaller; but they are irrelevant
at lower temperatures. Here, we assume a posi-
tive asymmetry in the flavon is generated at high
temperatures.
B. The Cosmology of the Flavon
In our scenario, we need the flavon to have a
large asymmetry at high temperatures. This asym-
metry should be conserved until the flavon starts
its coherent oscillation. During this epoch, the
flavon decays to fermions through S → fL1fR1φ,
and its asymmetry penetrates to the fermionic sec-
tor. In the following, we will discuss each of these
steps in greater detail.
A weakly interacting scalar field goes through
coherent oscillation for a period of H . mS . That
is for temperatures below
√
MHmS , where MH =
MPl/(1.66
√
g∗) ' 1.4 × 1017 GeV is the reduced
Planck mass and mS is the flavon mass. It is worth
saying that lighter flavons have larger amplitudes
of oscillation and thus enjoys higher yield [48].
4In order to have a successful coherent oscilla-
tion, we must make sure that the production of
the flavon is out of equilibrium [48]. Thereby, we
require
n〈σv〉fL1fR1→SH ' ζ(3)
T 3
4pi3
∑
f=e,u,d |gf |2
Λ2
< H.
(7)
This condition ensures that excited states of
flavons, which would have messed up their co-
herency, do not get produced. Let us define the
temperature at which the rate of the flavon pro-
duction equals to Hubble rate as TM :
TM (Λ) ≡ 4pi
3Λ2
ζ(3)MH
∑
f=e,u,d |gf |2
. (8)
In order to obtain the above equation, we have
used the Effective Field Theory (EFT) approach,
and thus the maximum temperature of the Uni-
verse (Tmax) must be smaller than Λ. Therefore,
we require Tmax(Λ) ≡ min [TM (Λ),Λ].
During the coherent oscillation, the flavon red-
shifts like cold matter (i.e. ρS ∝ a3). Conse-
quently, at some temperature T?, the energy den-
sity of the flavon equals that of the radiation:
ρS |T? = ρrad|T? . For T < T?, ρS dominates the en-
ergy density of the Universe, and thus the Hubble
rate gets modified. During this epoch, the flavon
decays to ffφ which contributes to the radiation of
the universe, increasing ρrad, and eventually lead-
ing to the termination of the matter-domination.
The evolution equations of ρS and ρrad are as fol-
lows [40]:
ρ˙S + 3HρS = −ΓSρS
ρ˙rad + 4Hρrad = ΓSρS , (9)
with
ΓS =
∑
f=e,u,d |gf |2
64pi32
m3S
Λ2
(10)
being the total decay of the flavon (S → fL1fR1H),
and
H =
√
8pi
3M2Pl
(ρS + ρrad),
being the Hubble rate.
The analytical approximate solutions of Eqs. 9
for the time interval t? < t < Γ
−1
S are the follow-
ing [57] :
ρaS(t) '
M2Pl
6pit2
e−ΓSt
ρarad(t) '
M2Plt
2/3
?
6pit8/3
+
ΓSM
2
Pl
10pit
, (11)
where t? is the time that corresponds to T?. To
convert between temperature and time, we use the
definition of the temperature, which is
T =
(
ρrad(t)
pi2
30 g?
)1/4
. (12)
In order to obtain t? for a given T?, we simply
plug in the analytical solution, ρarad(t?) into the
above equation, and solve for t?. Eqs. 11 are
also used to get ρS(rad)(t?) = ρ
a
S(rad)(t?), which
are needed as the initial conditions for solving
Eqs. 9 numerically. Other than the aforementioned
tasks, we do not rely on the analytical solutions
(Eqs. 11) anymore. The numerical solution of ρS
and ρrad as a function of temperature, assuming
T? = Tmax(Λ = 10
8 GeV), are shown in Fig. 1 –
upper panel. The lower panel compares the time-
temperature conversion in the SC and our scenario
which includes an intermediate matter domination
(non-standard cosmology).
As it is apparent in Eq. 2, the flavon interactions
with SM particles respect B and L symmetries,
and therefore theB−L symmetry, that is respected
in the framework of the SM as well. As a result of
the flavon and antiflavon decaying to SM fermions
and antifermions, the flavon-antiflavon asymmetry
is transferred to left-right asymmetry in the SM
content. The left-right asymmetry produced in
the quark sector is washed out immediately by the
strong sphalerons. However, in the leptonic sec-
tor, the produced asymmetry in the right-handed
electron is preserved above a critical temperature.5
Therefore, the weak sphalerons, which are only ac-
tive before the EWPT and act only on left-handed
particles, partially convert the asymmetry of left-
handed leptons into a baryon (B) asymmetry [58].
Consequently, we gain a simultaneous asymmetry
in the quark and lepton sectors. Indeed, weak
sphalerons tend to wash out the asymmetry of
these two sectors. However, the washout process
is successful if and only if all of the Yukawa inter-
actions are in thermal equilibrium [8, 57–63]. The
rate of the Yukawa interactions is proportional to
y2fT , where yf is their SM Yukawa coupling. Since
electrons have a small Yukawa coupling, they are
the last fermions6 that enter thermal equilibrium,
and thus the action of weak sphalerons is limited
by electron’s chirality flip process [59–61]. Specif-
5 Soon it will be clarified that this is the temperature at
which the chirality flip rate of the electron becomes equal
to the Hubble rate.
6 Here, we consider that the neutrinos are massless such as
in the SM.
5ically, it is the right-handed electron that plays a
key role in preserving the asymmetries.
Due to the importance of the chirality flip of the
right-handed electron, its rate has been extensively
studied, and the most recent calculation of it is [63,
64]:
ΓLR ' 10−2y2eT. (13)
Let us define the temperature at which the chi-
rality flip of the right-handed electron process goes
to equilibrium as Tcf ≡ T |ΓLR∼H . In the SC, Tcf
is about (10− 100) TeV, as can be seen in Fig. 1.7
Even though the asymmetries are preserved up to
this temperature, it has been shown that below Tcf
the weak sphalerons still have enough time to wash
out the asymmetries due to their high rates [59–
61]. In this scenario, however, the presence of the
flavon may change the story [40], because
• it brings Tcf relatively closer to TEW, and
• it transfers the asymmetry to the fermionic
sector gradually.8
In this project, we are not only interested in acquir-
ing the right baryonic asymmetry of the Universe,
but also we want the asymmetries to amplify a
small seed of the hypermagnetic field to amplitudes
as large as 1020G at the onset of the EWPT9. It has
been argued that a hypermagnetic field with this
amplitude at TEW can lead to the observed mag-
netic fields as large as 10−17− 10−15G observed in
the intergalactic medium (IGM). Thereby, in this
paper, we are interested in the region of the pa-
rameter space that yields
ηB(TEW) ' 8.5× 10−11
BY (TEW) & 1019G. (14)
Before the EWPT, the evolution of hypermag-
netic fields and the asymmetries are strongly in-
tertwined through Abelian anomaly (∂µJ
µ
B,L ∝
~EY · ~BY ) and chiral magnetic effect (CME) [9,
16, 17, 65–67]. These effects, together, ensure the
conversion of the asymmetries to the helicity of
7 The intersection of the dashed red line and solid green
line in the upper panel.
8 The authors of Ref. [40] considered the decay of the flavon
to tau and electron, which leads to a much larger decay
width of the flavon compared to that of our scenario.
Since the gradual decay of the flavon is more important
for our scenario, we considered the decay of the flavon
only to the first generation of fermions.
9 Here we neglect the possible change of the baryonic asym-
metry during EWPT.
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Figure 1: The Hubble rates both in our scenario
HρS+ρrad (shown in solid blue) and in the
standard cosmology Hρrad (dashed red), as well as
the rate of electron Yukawa interaction ΓLR (solid
green) are shown in the upper panel. As the plot
demonstrates, Tcf is much closer to the EW
temperature in the presence of a flavon than the
standard cosmology. For the demonstration, we
have also shown the rate of production of flavon
n〈σv〉 (in magenta) to ensure that the flavon is
indeed out of equilibrium and thus goes through
coherent oscillation and redshifts like matter.
The relation between time and temperature in
the non-standard (solid blue) and standard
(dashed red) cosmology is shown in the lower
panel and it demonstrates once the flavon decays,
we are back to standard cosmology. This plot is
with the assumption that T? = 1.4× 106 GeV.
hypermagnetic fields, and vice-versa. However, it
has been shown that in the framework of the SM
and the presence of the weak sphalerons, the initial
asymmetries are rapidly washed out and no growth
of the hypermagnetic field happens [9]. Indeed, the
growth can happen if the asymmetry is somehow
preserved for a longer time compared to SC [9]; a
task that is achievable in our model through the
flavon10. In the following section, we will look
10 The arising hypermagnetic field, can in return, push
6at the evolution equations of the hypermagnetic
fields.
III. ANOMALOUS
MAGNETOHYDRODYNAMICS
In the static limit, the effective action of the soft
U(1)Y gauge fields can be derived via the method
of dimensional reduction [65–67]. The correspond-
ing Lagrangian describing the dynamics of these
fields at finite fermionic density in the Minkowski
spacetime is the following [14, 17, 65, 67]:
L = −1
4
YµνY
µν − JµY Yµ − c′E
α′
8pi
(2Y ·BY ), (15)
where α′ ≡ g′2/4pi ' 0.01 is the fine structure con-
stant of the hypercharge interaction. In Eq. 15, the
first term is the kinetic term of the hypercharge
field, JY is the Ohmic current, and the last contri-
bution is related to the Chern-Simons term, which
leads to the CME [65]. The Chern-Simons coeffi-
cient, c′E , can be written as [17, 65]
c′E =
nG∑
i=1
[
−2µRi + µLi −
2
3
µdRi −
8
3
µuRi +
1
3
µQi
]
,
(16)
where the µ’s are the chemical potentials of various
chiral fields, and nG is the number of generations.
Let us make the simplifying assumption that all
Yukawa interactions, other than that of the elec-
tron, are in thermal equilibrium. Thereby, we can
obtain all of the chemical potentials in terms of the
chemical potential of the right-handed electron by
requiring B/3−Li (with i being the generation in-
dex) conservation as well as the hypercharge neu-
trality in the plasma. As a result, c′E can be re-
duced to c′E = −99/37µeR . Furthermore, one im-
portant chemical potential that has observational
significance is µB =
∑nG
i=1
[
2µQi + µuRi + µdRi
]
.
Using the aforementioned simplifying assumptions
and conservation laws, we obtain µB =
198
481µeR [9,
40].
Since we are interested in studying the evolu-
tion equation of the hypermagnetic field in the
early Universe, we must consider the Friedman-
Robertson-Walker (FRW) metric. Therefore, the
the Yukawa interactions out of equilibrium, assisting the
preservation of the asymmetry. The deviation of the
Yukawa interactions from equilibrium is highly correlated
with their Yukawa rate: the slower the rate, the larger
the deviation from equilibrium. Therefore, the effect of
the hypermagnetic field is particularly important for the
chirality flip of the electrons [9].
Lagrangian in Eq. 15 will be slightly modified (see
Appendix A in Ref. [68]), and the resulting AMHD
equations in the curved spacetime become the fol-
lowing:
1
a
~∇ · ~EY = 0, 1
a
~∇ · ~BY = 0 (17)
∂t ~BY + 2H ~BY = −1
a
~∇× ~EY (18)
~JOhm = σ( ~EY + ~v × ~BY ) (19)
~Jcm = − α
′
2pi
c′E ~BY (20)
~JOhm + ~Jcm =
1
a
~∇× ~BY −
(
∂t ~EY + 2H ~EY
)
,
(21)
where σ ' 100T is the electrical hypercoductivity
of the plasma, H = a˙/a is the Hubble parameter,
a is the scale factor, and the currents ~JOhm and
~Jcm are the Ohmic and chiral magnetic currents,
respectively. The latter current, which is in the
direction of the hypermagnetic field, comes from
the Chern-Simons term and promotes the ordi-
nary magnetohydrodynamics equations to anoma-
lous magnetohydrodynamics (AMHD) equations.
The terms containing the Hubble parameter H are
related to the expansion of the Universe. Using
Eqs. 21 and 19 and neglecting the displacement
current (∂t ~EY + 2H ~EY ) in the lab frame, the hy-
perelectric field will be obtained as
~EY =
1
aσ
~∇× ~BY + α
′
2piσ
c′E ~BY − ~v × ~BY . (22)
In the above equation, we can neglect the last term
containing the velocity of the plasma. That is be-
cause the correlation distance of the hypermag-
netic field is much larger than the length scale of
the variation of the bulk velocity. Therefore, the
hypercharge infrared modes are practically unaf-
fected by the plasma velocity [11].
Replacing Eq. 22 in Eq. 18, we can solve for the
evolution equation of the hypermagnetic field:
∂t ~BY + 2H ~BY =
1
a2σ
∇2 ~BY − α
′
2piaσ
c′E ~∇× ~BY .
(23)
Since ~∇ · ~BY = 0, we can write the hyper-
magnetic field as ~BY = (1/a)∇ × ~AY , where ~AY
is the vector potential. Considering a fully heli-
cal hypermagnetic field, the following non-trivial
7Chern-Simons wave configuration for ~AY can be
chosen [7, 9, 12, 13, 16, 17]:
~AY = γ(t)(sin kz, cos kz, 0), (24)
where γ(t) is the time-dependent amplitude of
~AY , and k is the comoving wave number. Us-
ing this configuration, the hypermagnetic field be-
comes ~BY = (1/a)k ~AY , and consequently
~EY =
k′
σ
~BY +
α′
2piσ
c′E ~BY , (25)
and
∂t ~BY + 2H ~BY = −k
′2
σ
~BY − α
′
2piσ
c′Ek
′ ~BY , (26)
with k′ ≡ k/a = kT , can be derived. Let us define
the amplitude of the hypermagnetic field ( ~BY ) as
BY (t) ≡ k′γ(t). Hence, Eq. 26 can be rewritten as
the following
∂tBY + 2HBY = −k
′
σ
BY (k
′ +
α′
2pi
c′E). (27)
Thus far, we have seen that if µi 6= 0 (there
is a non-zero asymmetry), EY (t) and BY (t) get
modified due to the Chern-Simons term. The evo-
lution of asymmetries, on the other hand, depends
on EY · BY . Therefore, the modified electric field
and hypermagnetic field become important in the
evolution of asymmetries. In the following section,
we will discuss how this effect shows up in the evo-
lution of asymmetries in greater detail.
IV. EVOLUTION OF MATTER
ASYMMETRIES
As mentioned earlier, with the simplifying as-
sumptions that we have made, all matter asymme-
tries can be obtained in terms of the asymmetry
of the right-handed electron. Therefore, it suffices
to study the dynamics of this asymmetry, only [9].
The asymmetry in the number density of the right-
handed electrons can be found by solving the fol-
lowing Boltzman equation:
n˙eR + 3HneR = −ΓLR
(
neR − neL +
nφ
2
)
+BeΓSnS +
α′
pi
~EY · ~BY . (28)
In the above equation, ni with i = {eR, eL, φ, S},
is the difference between the number densities of
a particle and its antiparticle. The term involving
H is due to the expansion of the Universe, and the
term containing ΓLR shows the effect of the elec-
tron Yukawa interaction. Note that the factor of
1/2 in the parentheses is due to the spin statis-
tics of the Higgs. Furthermore, the term BeΓSnS
comes from the decay of the flavon, with Be being
the flavon branching ratio to electrons:
Be =
g2e∑
f g
2
f
, f = e, u, d. (29)
Instead of nS , it is more convenient to work with
ρS . Therefore, we define a dimensionless parame-
ter ξS as ξS ≡ nSmS/ρS , which does not depend
on time. It should be noted that ξS is different
from the canonical definition of ηS ≡ nS/s, where
s is the entropy density.
One important difference between our work and
Ref. [40] is due to the term containing ~EY · ~BY in
Eq. 28. This term comes from the Abelian anomaly
equation:
∂µJ
µ
eR = −
1
4
Y 2R
α′
4pi
YµνY
µν =
α′
pi
~EY · ~BY , (30)
where YR = −2 is the hypercharge of the right-
handed electron. The above equation relates the
evolution of number densities to that of the helicity
of the hypermagnetic field. Using Eq. 25, we can
derive
~EY · ~BY = B
2
Y
σ
(
k′ +
α′
2pi
c′E
)
. (31)
As can be seen, the CME is not only important
for the evolution of the hypermagnetic field as dis-
cussed in the previous section, but also it has a
non-trivial effect on the evolution of the asymme-
tries via the term containing c′E . Previously, we
had defined c′E in terms of the chemical potential
of right-handed electron: c′E = −99/37µeR . We
can convert µeR to neR using neR = µeRT
2/6.
In the subsequent section, we solve the cou-
pled differential equations for ρS , ρrad (Eq. 9), BY
(Eq. 27), and neR (Eq. 28) numerically. To fully
comprehend different stages of the evolutions, we
first discuss one specific benchmark. We then move
on to scanning the parameter space to find the de-
sired region of the parameter space.
V. NUMERICAL STUDY
In this section, we do a numerical study of the
coupled evolution equations of ρS , ρrad, BY , and
neR from T? up to TEW. Our free parameters are
T?, mS , Λ, ξS , k, BY (T?). Before diving into the
numerical analysis, let us make a few comments on
these parameters:
8− We need the flavon production to stay out
of equilibrium during coherent oscillation.
Hence, the maximum value of T? should be
Tmax(Λ), as defined earlier.
− By looking at the evolution equations, we see
that the ratio ofmS/Λ is a recurring variable.
Thereby, we find it more convenient to work
with m ≡ mS/Λ, and Λ instead of mS and
Λ. In order to respect EFT, we require m 
1.
− It has been shown that for k & 10−7, the hy-
permagnetic field does not survive the Ohmic
dissipation in the plasma [7]. In our numer-
ical analysis, we re-scale k and work with
ck0 ≡ k/10−7, instead.
− As can be seen in Eq. 27, a non-zero ini-
tial seed is needed for the hypermagnetic
field to be later amplified as a result of the
CME.11 Here, we fix the initial amplitude of
the hypermagnetic field to a small value of
BY (T?) = 0.01G.
− In our scenario, we need large matter asym-
metries in order to obtain the desired value
of BY (TEW) & 1019G , as explained earlier.
Since the flavon is responsible for the gener-
ation of these asymmetries, we fix ξS to its
maximum value: ξS = 1.
− We further assume that all initial asymme-
tries in the Fermionic sector are zero (i.e,
ηf (T?) = 0).
According to the above assumptions, the free pa-
rameters we work with in this paper, are
T?, m, Λ, ck0 .
A. A Case Study
In this subsection, we present a careful study of
the evolution of ηB(T ) and BY (T ) as a function of
temperature for the following benchmark:
Λ = 107.5 GeV, m = 5× 10−4,
T? ' 1.4× 106 GeV, ck0 = 0.505, (32)
11 The creation of the seed is beyond the scope of this study.
Interested readers are encouraged to look into Ref. [68–77]
on some of the possible mechanisms for the production of
this seed.
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Figure 2: The evolutions of ηB (upper panel) and
BY (lower panel) as a function of temperature for
m = 10
−3 (Orange), m = 5× 10−4 (Green), and
m = 10
−4 (Brown) are presented. These plots
are for the fixed values of Λ = 107.5 GeV,
T? = 1.4× 106 GeV, and ck0 = 0.505. As a result
of the flavon decay at high temperatures, the
asymmetries grow. Once ηB reaches a large
enough value, the hypermagnetic fields start
getting amplified at the expense of eating some of
the asymmetries. This process continues until the
expansion rate of the universe becomes more
important than the CME.
where T? is chosen as Tmax(Λ) for Λ = 10
7.5 GeV.
The above parameters are chosen such that the de-
sired values of ηB(TEW) ' 10−10 and BY (TEW) &
1019G are obtained. To see how other bench-
marks may change the results, we present the plots
of ηB(T ) and BY (T ) for three different values of
m = 10
−3, 5 × 10−4, 10−4 in Fig. 2; the values
of Λ, T?, and ck0 are fixed as Eq. 32.
12
As mentioned earlier, the evolution of ηB is inti-
mately related to that of ηeR : ηB =
198
481ηeR . There-
fore, by solving Eq. 28, we are practically obtaining
the evolution of ηB . To discuss the physical effects
12 It is worth mentioning that ηB and BY are highly sensi-
tive to the exact value of ck0 , and thus its value should be
carefully tuned, as will be shown in the next subsection.
9important in each time interval of the evolution,
the evolution of the terms contributing to η˙eR/ηeR
(Eq. 33) and B˙Y /BY (Eq. 27) are shown in Figs. 3
and 4.
To accomplish this task, let us first rewrite
Eq. 27 as
B˙Y
BY
= −2H − k
′
B2Y
( ~EY · ~BY ),
where ~EY · ~BY in Eq. 31 can also be separated as
( ~EY · ~BY )non-CME ≡ B
2
Y
σ
k′,
( ~EY · ~BY )CME ≡ B
2
Y
σ
· α
′
2pi
c′E .
Note that, here, c′E is a negative quantity, therefore
the effect of ( ~EY · ~BY )CME and ( ~EY · ~BY )non-CME
are opposite of each other.
Similarly, let us rewrite Eq. 28 in terms of ηeR :
η˙eR +
3
4
ρS
ρrad
ΓSηeR
= −ΓLR
(
ηeR − ηeL +
ηφ
2
)
+BeΓS
nS
s
+
α′
pis
~EY · ~BY , (33)
where the derivation of this equation is presented
in Appendix A. Notice that the second term comes
from the domination of the flavon after T?.
According to Figs. 3 and 4 , the following critical
temperatures can be distinguished:
• TBY (min) : This is the temperature at which
the HMFA is at its minimum.
• TBY (max) : This is when the HMFA reaches
its maximum.
• Tmaxs : this is when the deviation of the Hub-
ble rate from the SC Hubble rate is maxi-
mum.
• Tcf: As explained earlier (Fig. 1), this is the
temperature at which the chirality flip rate
of the electrons equals the Hubble rate.
• T non-CMEE·B : This is the temperature at which
the baryonic asymmetry saturates and be-
comes flat. As can be seen from Fig. 4, this
is the temperature at which the non-CME
component of Eq. 28 becomes the dominant
effect that leads to an increase in the asym-
metry.
The Evolution of BY (T ):
Now that we have identified the critical temper-
atures, we can move on to discussing the following
intervals of temperature, which are identified in
Fig. 3:
– TBY (min) < T < T?: In this interval,
the Hubble rate is higher than k
′
B2Y
(EY ·
BY ) ' k′B2Y (EY · BY )CME, as illustrated in
the B˙Y /BY plot. This leads to a decrease
of BY (T ) according to the expansion of the
Universe.
– TBY (max) < T < TBY (min): Here, the HMFA
increases rapidly due to the domination of
the k
′
B2Y
(EY · BY )CME over the Hubble rate.
As emphasized earlier, this is the term that
makes the growth of the HMFA possible.
– TEW < T < TBY (max): In this interval,
the Hubble rate dominates, which once again
leads to the decrease of the HMFA according
to the expansion of the Universe.
The Evolution of ηB(T ):
Similarly, to better comprehend the evolution of
the asymmetries, let us study the plots shown in
Fig. 4. The upper panel is ηB and the lower panel
is the magnitude of each of the contributions to
η˙B
ηB
=
η˙eR
ηeR
, as a function of temperature.
In the lower panel, the solid green line is pro-
portional to the rate of the chirality flip of the
right-handed electron, which leads to the wash out
of the asymmetry by the weak sphalerons. Notice
that due to our choice of y−axis, this term is inde-
pendent of ηB . The dashed red line is the relative
growth rate of the asymmetry in the right-handed
electron coming from the flavon. If ηeR is leaning
toward zero, this term becomes greater and pre-
vents the asymmetry from depleting. The dotted
blue line represents the term that appears due to
the domination of ρS (and the decay of the flavon
to radiation) at high temperatures.13 This term is
also independent of ηB and, we will refer to it as
the dilution term.
As discussed earlier, the term coming from the
Abelian anomaly has two contributions: ( ~EY ·
~BY )CME (the dashed purple line) which eats up
part of the asymmetry to amplify the HMFA, and
( ~EY · ~BY )non-CME (the dotted magenta line) which
13 It is worth mentioning that in the SC, this term does not
appear.
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Figure 3: The evolution of BY as a function of
temperature is illustrated in the upper panel,
while the lower panel shows the terms
contributing to B˙Y /BY . The CME component
(shown by dashed purple) leads to an increase in
the HMFA, and the non-CME component (dotted
magenta) reduces BY . We see that once the
( ~EY · ~BY )contribution exceeds the Hubble rate
(dotted blue), the hypermagnetic field starts
increasing and this trend continues until it falls
below the Hubble rate again.
leads to an increase in the asymmetry. The CME
component is independent of ηB , but the non-CME
component is proportional to the inverse of ηB .
Hence, we see that the terms leading to an in-
crease in the asymmetry are sensitive to ηB and
they grow if ηB → 0. This is a reassurance that
the system wants to save the asymmetry as much
as possible.14 Finally, the solid orange and the yel-
low line represents the sum and the negative sum
of all of these contributions. In the following, we
discuss the main players in each of the temperature
intervals.
– Tmaxs . T < T?: Here, the evolution of
ηB is mostly governed by the flavon, the ef-
14 It is clear that the physics would not change if we had
plotted η˙B instead of η˙B/ηB .
fect of which is two-fold: the production of
asymmetry due to the decay of the flavon,
and the dilution of the asymmetry due to
its effect on the expansion of the Universe
(dashed blue line). As we reach Tcf, the chi-
rality flip of the electron becomes relevant
as well, slowing down the increase in the
asymmetry. Notice that at Tmaxs , there is a
cancellation between the terms that increase
the asymmetry and those that lead to the
reduction of the asymmetry. This feature
is consistent among all of the benchmarks
that yield the desired values of ηB and BY
(Eq. 14). Thus, the asymmetry is increasing
up until Tmaxs , and after that starts decaying.
Comparing Fig. 3 and Fig. 4, we see that
once the asymmetry becomes greater than
ηB & 2× 10−4, the HMFA starts increasing,
and thus TBY (max) < T
max
s < TBY (min).
– T non-CMEE·B . T . Tmaxs : During this inter-
val, the rate of chirality flip of the right-
handed electron (or equivalently, the rate of
the washout of the asymmetry due to the
sphalerons) exceeds15 the production rate of
asymmetry through the flavon decay. As a
result, the asymmetry decreases. Nonethe-
less, as can be seen from Fig. 4, these
two rates are almost compatible, preventing
the asymmetry from diminishing too quickly.
This is an example of how the gradual decay
of the flavon to right-handed electron helps
to retain the asymmetry in the fermions.
– TEW < T < T
non-CME
E·B : As we reach
T non-CMEE·B , the non-CME component of ~EY ·
~BY becomes compatible with the rate of elec-
tron chirality flip, which slows down the de-
crease of the asymmetry significantly. In
other words, the amplified hypermagnetic
field feeds back to the asymmetry and helps
to preserve the asymmetry. Therefore, dur-
ing this interval, the asymmetry is almost
constant. In general, a successful bench-
mark is the one that there is not a large gap
between T non-CMEE·B and the temperature at
which the flavon decays exponentially. If this
gap is large, the sphalerons have enough time
to wash out the asymmetry quickly.
15 To be more exact, the dilution term (dotted blue line)
is also important in decreasing the asymmetry. This is
especially true for temperatures closer to Tmaxs . However,
this term quickly drops and its effect becomes negligible
at lower temperatures.
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Figure 4: The evolution of ηB for the
benchmark 32 as a function of temperature is
presented in the upper panel. The lower panel is
each of the contributions to η˙eR (Eq. 33)
normalized byηeR , the quantity which is equal to
η˙B/ηB as well. In the lower panel, the solid green
line is proportional to the rate of the chirality flip
of the right-handed electron. The dashed red line
is the relative growth rate of the asymmetry in
the right-handed electron injected by the flavon.
The dotted blue line is the contribution of the
flavon to the dilution of the asymmetry. The
dotted magenta and the dashed purple line,
respectively, show the non-CME and the CME
components of the hypermagnetic field effect in
the evolution of ηB . The solid orange and yellow
lines, together, show the magnitude of the sum of
the contributions. Among the contributions, the
flavon decay and the non-CME component of
( ~EY · ~BY ) increase the asymmetry while the rest
results in a lower asymmetry. In this benchmark,
the gap between when the flavon decays
exponentially and when ( ~EY · ~BY )non-CME
dominates is small and that is one of the main
reasons that the asymmetry is saved at good
values.
Now that we have discussed each of the impor-
tant intervals, let us scan through the parameter
space and indicate the sweet regions that give the
desired values at TEW (Eq. 14). Before that, how-
ever, allow us to emphasize two features of this
benchmark that made it desirable: 1) For (most
of) the temperatures bellow Tmaxs , the terms lead-
ing to an increase in the asymmetry are compati-
ble with the ones that cause the asymmetry to de-
crease. Generally, this means that either the flavon
is long-lived which then injects the asymmetry to
the fermionic sector gradually and pushes Tcf closer
to TEW as well, and/or the gap between T
non-CME
E·B
and the temperature at which the flavon decays ex-
ponentially is very small. 2) There is enough time
for the hypermagnetic field to grow before TEW
(e.g, TBY (max) > TEW). However, if TBY (max) is at
very high temperatures (e.g, TBY (max) ∼ Tmaxs ),
the ( ~EY · ~BY ) terms govern the evolution of ηB
and the sphalerons become subdominant. There-
fore, the asymmetry is restored at higher values
than desired. Some of the examples of this case
will be indicated in the next subsection. In the
following, we show the ηB(TEW) and BY (TEW) as
a function of various parameters.
B. Scanning Parameter Space
In this section, we scan through the parameter
space and find ηB(TEW) and BY (TEW) for various
values of Λ, m, T? and ck0 . From a few test runs,
we realize that Λ should live in a narrow range
of 5 × 106 GeV . Λ . 5 × 109 GeV. For Λ <
5 × 106 GeV, the maximum temperature(Tmax)
must be below 104 GeV, which means that the
chirality flip of the right-handed electron process
is in equilibrium from the beginning of the Uni-
verse, and therefore the weak sphalerons will wash
out the asymmetry in the SM fermions as soon
as the flavon starts decaying. Thereby, for Λ <
5 × 106 GeV, we get ηB(TEW)  ηobsB and the
hypermagnetic field does not have a chance to am-
plify. For Λ & 109 GeV, the decay width is too
large such that flavon decays too quickly. Thus,
the flavon cannot help with the preservation of the
asymmetry in the early universe. In other words,
Tcf  TEW and the weak sphalerons wash out the
asymmetry.
Fig. 5 presents the baryon asymmetry of the
Universe and the HMFA at T = TEW as a func-
tion of m. Different curves represent different val-
ues of Λ, and we have fixed T? = Tmax(Λ) and
ck0 = 0.505. For a fixed Λ, if m is very small
( 103.5GeV/Λ or equivalently mS  3 TeV–
Benchmark A), the injection of asymmetry from
the flavon to right-handed electron occurs at a slow
rate. This effect has two consequences; 1) we move
away from SC so much that Tcf is after TEW, and
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2) the asymmetry is not large enough to amplify
the HMFA. Since Tcf < TEW, the value of ηB(TEW)
will just depend on the work of the flavon. There-
fore, in this regime, as we increase m we see that
ηB(TEW) is increasing because more of the flavon
has decayed into the right-handed electron. An
example of such a case is studied in Appendix B.
On the other extreme, for large m, the flavon
decays too quickly16 . In this scenario, the value
of ηB(TEW) is intimately connected to the HMFA.
If BY has not been amplified, the effect of ( ~EY · ~BY )
is negligible and the sphalerons have enough time
to eat up the asymmetry. Hence, in such cases, we
see that both ηB(TEW) and BY (TEW) are small
(e.g, Benchmark B). If BY has been amplified, the
battle between ( ~EY · ~BY )non-CME+ flavon decay
vs. ( ~EY · ~BY )CME determines the evolution of ηB
and the effect of the chirality flip of right-handed
electrons is negligible (e.g, Benchmark C). Let us
mention that benchmark C will be acceptable if we
relax the assumption that the value of ηB and BY
stay fixed during and after the EWPT.
For some values of Λ, the intermediate values
of m yield Eq. 14. That comes from a delicate
work of non-standard cosmology (domination of
ρS), and the effect of ( ~EY · ~BY )non-CME at lower
temperatures. Both of these effects are important
in taming the work of sphalerons, as explained in
Section. V A.
Another free parameter that can affect the
baryon asymmetry and especially hypermagnetic
field is ck0 . As the plots in Fig. 6 show, the re-
sults are sensitive to ck0 and we cannot choose an
arbitrary small ck0 value. Since ck0 ≤ 1, it mainly
affects the HMFA through the CME contribution
to its evolution equation. Interestingly, the value
of ck0 is particularly important in the non-CME
contribution to the evolution of the asymmetry,
whose main role is to save the asymmetry at tem-
peratures closer to TEW. Therefore, as illustrated
in Fig. 6, large values of ck0 will result in large
ηB(TEW) and BY (TEW). Similarly, for small val-
ues of ck0 , the opposite is true. However, if m
is very small, the evolution of ηB is only deter-
mined by the flavon dynamics (see Appendix. B)
and it is independent of ( ~EY · ~BY ). In these cases
16 Note that ΓS is proportional to 
3
mΛ, and thus as we
increase either of m or Λ, the decay width of the flavon
increases and the flavon decays faster. However, the in-
jection of asymmetry to the right-handed electron is pro-
portional to ΓS/mS = m, and an increase in m causes
more asymmetry to be transferred to the right-handed
electron. Thereby, for large m, depending on the value
of Λ, we either end up with too much asymmetry (Bench-
mark C) or too little asymmetry (Benchmark B).
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Figure 5: The dependence of ηB(upper panel)
and hypermagnetic field amplitude BY (lower
panel) on the mass of the flavon mS . The solid
lines represent different cut-off scales Λ.
(e.g, m = 8 × 10−5, 10−4 in Fig. 6), the baryonic
asymmetry at T = TEW will remain large even for
small ck0 . The desirable values of ck0 for each m
is presented by a shaded band in Fig. 6.
Yet, one other parameter that can leave an im-
pact on the final result is the value of T?. We have
discussed the maximum value of T?, but technically
we can choose any T? less than Tmax. By exam-
ining different values of T?, we noticed that only
T? = Tmax gives the best results. If T?  Tmax,
the flavon does not have enough time to efficiently
transfer its asymmetry to the fermionic sector and
eventually leads to the amplification of the HMFA.
VI. CONCLUSION
In this paper, we discussed the possibility of the
simultaneous generation of baryonic asymmetry to
ηB(TEW) ∼ 8.5 × 10−11 and the amplification of
HMFA from a small seed to BY (TEW) ∼ 1020G
in the presence of a flavon that carries a large
asymmetry (ξS = 1). We found a successful sce-
nario that lives in a region where the cutoff scale
is ∼ 107.5 GeV. Given the cutoff scale, the mass of
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Figure 6: The dependence of ηB(upper panel)
and hypermagnetic field amplitude BY (lower
panel) on ck0 . Each of the dashed lines represent
a fixed m, and for all of the curves, we have fixed
Λ = 107.5 GeV. The results are highly sensitive
to the value of ck0 and in general the closer we
get to ck0 = 1, the higher the values of ηB and
BY become. Near ck0 = 1, we see a stabilization
for all of the values of m we considered. For
m . 10−4 we see that we consistently get a large
value of ηB , while BY exponentially decreases to
zero.
the flavon could vary over a small range of values to
give a desirable outcome. Another free parameter
that played an important role in the dynamics of
baryonic asymmetry and HMFA was the comoving
wavenumber of the hypermagnetic field. Accord-
ing to our study, the comoving wavenumber should
be (0.5 − 1) × 10−7. In general, we found there is
a strong sensitivity to each of these parameters. A
small change could result in a drastic change in the
results. This is because we need a delicate cancel-
lation between the terms that increase the asym-
metry and the ones that result in a lower asym-
metry, and thus we have to choose our parameters
carefully.
For most of the parameter space, we get a large
asymmetry of the Universe, while having a small
(compared to the desired) value of HMFA. This oc-
curs because the asymmetry in the flavon transfers
into baryonic asymmetry, but there is not enough
time for the HMFA to grow. This occurs in the
benchmarks where the flavon is very long-lived and
it transfers its asymmetry to the fermionic sector
at a very small pace. The baryonic asymmetry
must reach above ηB > 2× 10−4 for the HMFA to
start growing. When the flavon decays too slowly,
the baryonic asymmetry reaches 2 × 10−4 either
very close or even after the electroweak tempera-
ture. Therefore, the HMFA remains small.
On the other hand, if the flavon is very short-
lived, we may have two very different cases depend-
ing on the value of Λ: 1) For sufficiently small Λ,
the flavon injects its asymmetry to fermionic sector
quickly and causes the HMFA to grow fast. The
hypermagnetic field then feeds back to the asym-
metry and prevents it from being washed out. In
such scenarios, we noticed that we end up with a
larger ηB than expected. 2) for a relatively bigger
Λ, we may also have a case where the injection of
asymmetry is inefficient and we end up with a very
small ηB .
The value of the comoving wavenumber has an
indisputable effect on the HMFA and thus has a
great influence on the baryonic asymmetry as well.
We noticed that to get the observed value of ηB
and the desired value of BY (TEW), we have to live
in a small region of the parameter space and thus
our scenario is predictive.
In this paper, we only considered the coupling
of the flavon with the first generation of fermions.
This choice was suitable because the branching ra-
tio of the flavon to electrons was enhanced. In
fact, we could not find a benchmark that could ex-
plain both baryogenesis and magnetogenesis with
other choices of flavon coupling. Having said that,
the assumption of flavon coupling to only the first
generation of fermions is theoretically justifiable
as well. That is because the first generation of
fermions is much lighter than the electroweak scale.
Thus, explaining their small Yukawa couplings is
of priority.
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Appendix A: Evolution of ηR
The asymmetry in the number density of the
right-handed electrons is governed by the following
Boltzman equation:
n˙eR + 3HneR = −ΓLR
(
neR − neL +
nφ
2
)
+BeΓSnS +
α′
pi
~EY · ~BY . (A1)
By dividing both sides by the co-moving entropy17,
s, we can convert this equation to an equation de-
scribing the evolution of ηeR .
η˙eR + 3ηeR
T˙
T
+ 3HηeR = −ΓLR
(
ηeR − ηeL +
ηφ
2
)
+BeΓS
nS
s
+
α′
pis
~EY · ~BY
(A2)
On the other hand, by definition we know T˙ /T =
1/4ρ˙rad/ρrad. This is while we can use Eq. 9 to
find ρ˙rad/ρrad:
ρ˙rad
ρrad
+ 4H = ΓS
ρS
ρrad
. (A3)
Hence, Eq. A2 becomes
η˙eR +
3
4
ρS
ρrad
ΓSηeR
= −ΓLR
(
ηeR − ηeL +
ηφ
2
)
+BeΓS
nS
s
+
α′
pis
~EY · ~BY (A4)
In the SC, ρS ' 0, and thus the second term is
negligible. In our case, however, the second term
becomes important in some interval of the temper-
ature.
Appendix B: Bad Benchmarks
Here we show the ηB evolution for the bench-
marks shown in Fig. 5.
17 Note that
η˙ =
d(n/s)
dt
=
n˙
s
− n
s2
ds
dT
T˙ =
n˙
s
− 3n
s
T˙
T
.
17
Benchmark A
<latexit sha1_ba se64="Dehr9RaCP2daK34YzTAKln4gz h0=">AAAB8nicbVDLSgMxFL1TX7W+q i7dBIvgqsxUQZdVNy4r2AdMS8mkmTY0 jyHJCGXoZ7hxoYhbv8adf2PazkJbDwQ O59xL7jlRwpmxvv/tFdbWNza3ituln d29/YPy4VHLqFQT2iSKK92JsKGcSdq0 zHLaSTTFIuK0HY3vZn77iWrDlHy0k4T 2BB5KFjOCrZPCWyrJSGA9Rjf9csWv+ nOgVRLkpAI5Gv3yV3egSCqotIRjY8LA T2wvw9oywum01E0NTTAZ4yENHZVYUNP L5idP0ZlTBihW2j1p0Vz9vZFhYcxERG 5SYDsyy95M/M8LUxtf9zImk9S6bIuP 4pQjq9AsPxowTYnlE0cw0czdisgIa0y sa6nkSgiWI6+SVq0aXFRrD7VK/TKvow gncArnEMAV1OEeGtAEAgqe4RXePOu9 eO/ex2K04OU7x/AH3ucPpNOQyA==</l atexit>
100 500 1000 5000 1×104 5×1041×105
10-10
10-7
10-4
T
ηL
(Ts=
10
6
G
eV
,ϵ
'=10
-2 ,Λ
=1.6
*107
G
eV
)
Temperature (GeV)
<latexit sha1_base64="bcM2BeseKsBl HqED3nfl16sinUo=">AAACAnicbVDLSgNBEJz1GeMr6km8DAYhXsJuFNRbwIMeI+QFyR JmJ51kyOyDmV4xLMGLv+LFgyJe/Qpv/o2TZA+aWNBQVHXT3eVFUmi07W9raXlldW09s 5Hd3Nre2c3t7dd1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15P/MY9KC3CoIqjCFyf 9QPRE5yhkTq5wzbCAyZV8CNQDGMFtHAD9dMx7eTydtGegi4SJyV5kqLSyX21uyGPfQiQ S6Z1y7EjdBOmUHAJ42w71hAxPmR9aBkaMB+0m0xfGNMTo3RpL1SmAqRT9fdEwnytR75 nOn2GAz3vTcT/vFaMvUs3EUEUIwR8tqgXS4ohneRBu0IBRzkyhHElzK2UD5hiHE1qWRO CM//yIqmXis5ZsXR3ni9fpXFkyBE5JgXikAtSJrekQmqEk0fyTF7Jm/VkvVjv1sesdc lKZw7IH1ifP5VHlto=</latexit>
10 100 1000 104 105 106
10-16
10-11
10-6
10-1
104
109
T
R
at
e
Hubble
GammaLR
flavon
E.B
non-CME10 100 1000 104 105 106
10-16
10-11
10-6
10-1
104
109
T
R
at
e
Hubble
GammaLR
flavon
E.B
non-CME
10 100 1000 104 105 106
10-16
10-11
10-6
10-1
104
109
T
R
at
e
Hubble
GammaLR
flavon
E.B
non-CME
⌘
B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>
T
E
W
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Figure 7: The evolution of ηB for benchmark A
as a function of temperature is presented. The
lower panel is each of the contributions to η˙eR
(Eq. 33) normalized by ηeR , the quantity which is
also equal to η˙BηB . In the lower panel, the solid
green line is proportional to the rate of the
chirality flip of the right-handed electron. The
dashed red line is the relative growth rate of the
asymmetry in the right-handed electron injected
by the flavon. The dotted blue line is the
contribution of the flavon to the dilution of the
asymmetry. The solid orange and yellow lines,
together, show the magnitude of the sum of the
contributions. In this benchmark, the asymmetry
is slowly transferring from the flavon to the
right-handed electron. This rate is very small,
which means the rate of flavon depletion is small.
Hence the cosmology becomes very non-standard.
In this case, Tcf occurs too close to TEW, and thus
the asymmetry is not washed out efficiently.
Hence, we end up with too large ηB(TEW). The
HMFA does not have a chance to grow and stays
close to its initial value.
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<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>
T
E
W
<latexit sha1_base64="Lhb3NcpJOhG5+6dZDlLCJUr00CI=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FRPAYIS9IljA76SRDZh/O9AbDst/hxYMiXv0Yb/6Nk2QPmljQUFR1093lRVJotO1vK7e2vrG5ld8u7Ozu7R8UD4+aOowVhwYPZajaHtMgRQANFCihHSlgvieh5Y1vZ35rAkqLMKjjNALXZ8NADARnaCS33ku6CE+Y3LXStFcs2WV7DrpKnIyUSIZar/jV7Yc89iFALpnWHceO0E2YQsElpIVurCFifMyG0DE0YD5oN5kfndIzo/TpIFSmAqRz9fdEwnytp75nOn2GI73szcT/vE6Mg2s3EUEUIwR8sWgQS4ohnSVA+0IBRzk1hHElzK2Uj5hiHE1OBROCs/zyKmlWys5FufJwWareZHHkyQk5JefEIVekSu5JjTQIJ4/kmbySN2tivVjv1seiNWdlM8fkD6zPHy+oklc=</latexit>
Tcf
<latexit sha1_base64="QJA8KYymaCXVsB5Pzl7Y5Z93Njo=">AAAB9Hicb VBNS8NAEN34WetX1aOXYBE8laQK9Vjw4rFCv6ANZbOdtEs3m7g7KZaQ3+HFgyJe/THe/Ddu2xy09cHA470ZZub5seAaHefb2tjc2t7ZLewV9w8Oj45LJ6dtHSW KQYtFIlJdn2oQXEILOQroxgpo6Avo+JO7ud+ZgtI8kk2cxeCFdCR5wBlFI3nNQdpHeMKUBVk2KJWdirOAvU7cnJRJjsag9NUfRiwJQSITVOue68TopVQhZwKy Yj/REFM2oSPoGSppCNpLF0dn9qVRhnYQKVMS7YX6eyKlodaz0DedIcWxXvXm4n9eL8Hg1ku5jBMEyZaLgkTYGNnzBOwhV8BQzAyhTHFzq83GVFGGJqeiCcFdfX mdtKsV97pSfbgp12t5HAVyTi7IFXFJjdTJPWmQFmHkkTyTV/JmTa0X6936WLZuWPnMGfkD6/MHc7qSgg==</latexit>
⇤ = 107.5GeV
<latexit sha1_base64="Yl6FdmjNuI3dalQhJFU9+pfflY4=">AAACBnicb VC7SgNBFJ2Nrxhfq5YiDAbBKuxGJTZCwEILiwjmAUkMs5ObZMjsg5m7YlhS2fgrNhaK2PoNdv6Nk0ehiQcGDuecy517vEgKjY7zbaUWFpeWV9KrmbX1jc0te3u nosNYcSjzUIaq5jENUgRQRoESapEC5nsSql7/YuRX70FpEQa3OIig6bNuIDqCMzRSy95vXJtwm9Fz6jp3SSF3OqQNhAdMLqEybNlZJ+eMQeeJOyVZMkWpZX81 2iGPfQiQS6Z13XUibCZMoeAShplGrCFivM+6UDc0YD7oZjI+Y0gPjdKmnVCZFyAdq78nEuZrPfA9k/QZ9vSsNxL/8+oxds6aiQiiGCHgk0WdWFIM6agT2hYKOM qBIYwrYf5KeY8pxtE0lzEluLMnz5NKPuce5/I3J9liflpHmuyRA3JEXFIgRXJFSqRMOHkkz+SVvFlP1ov1bn1MoilrOrNL/sD6/AHSbpdn</latexit>
T? = 1.4⇥ 106 GeV<latexit sha1_base64="dzd/wHuaBPit2w38JisWt4gXQ5w=">AAACDnicb ZC7SgNBFIZn4y3GW9TSZjAErMJuDGojBCy0jJAbJDHMTk6SIbMXZs6KYckT2PgqNhaK2Frb+TZOki008YeBj/+cw5nzu6EUGm3720qtrK6tb6Q3M1vbO7t72f2 Dug4ixaHGAxmopss0SOFDDQVKaIYKmOdKaLijq2m9cQ9Ki8Cv4jiEjscGvugLztBY3Wy+2m1rZIpeUqdQom0UHmjq2HdnhuEBY3oN9Uk3m7ML9kx0GZwEciRR pZv9avcCHnngI5dM65Zjh9iJmULBJUwy7UhDyPiIDaBl0GdmayeenTOheeP0aD9Q5vlIZ+7viZh5Wo8913R6DId6sTY1/6u1IuxfdGLhhxGCz+eL+pGkGNBpNr QnFHCUYwOMK2H+SvmQKcbRJJgxITiLJy9DvVhwTgvF21KuXEziSJMjckxOiEPOSZnckAqpEU4eyTN5JW/Wk/VivVsf89aUlcwckj+yPn8AuF6Z+A==</latex it>
ck0 = 0.505
<latexit sha1_base64="RL+io2AHJifrrm9s+63+CS1YyDM=">AAAB+Hicb VBNS8NAEJ34WetHox69LBbBU0iqRS9CwYvHCvYD2hA22027dLMJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w5U9p1v6219Y3Nre3STnl3b/+gYh8etVW SSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQTjm9nfueRSsUS8aAnKfVjPBQsYgRrIwV2hQT5OHCn6Aa5Tt2tB3bVddw50CrxClKFAs3A/uoPEpLFVGjCsVI9z021 n2OpGeF0Wu5niqaYjPGQ9gwVOKbKz+eHT9GZUQYoSqQpodFc/T2R41ipSRyazhjrkVr2ZuJ/Xi/T0bWfM5FmmgqyWBRlHOkEzVJAAyYp0XxiCCaSmVsRGWGJiT ZZlU0I3vLLq6Rdc7wLp3Z/WW3UijhKcAKncA4eXEED7qAJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx8bH5Fe</latexit>
Be SnS/neR<latexit sha1_base64="76VSt/ww87HA2J0swNJvRph1Zhs=">AAACAnicdVBNSwMxEM36WetX1ZN4 CRbBU91di9Vb0YMe1VpbaMuSTac2mGSXJCuUpXjxr3jxoIhXf4U3/41ZW0FFH8zweG+GZF4Yc6aN6747E5NT0zOzubn8/MLi0nJhZfVSR4miUKcRj1QzJBo4k1A3zHBoxgqICDk0wuujzG/cgNIskhdmEENHkCv JeowSY6WgsH4YAG4fEyFIUMMyqO3YlkJwPgwKRbd0sL/nl/ewW3Ldiud7GfEr5d0y9qySoYjGOA0Kb+1uRBMB0lBOtG55bmw6KVGGUQ7DfDvREBN6Ta6gZakkAnQn/TxhiLes0sW9SNmSBn+q3zdSIrQeiNBOC mL6+reXiX95rcT09jspk3FiQNLRQ72EYxPhLA/cZQqo4QNLCFXM/hXTPlGEGpta3obwdSn+n1z6JW+35J+Vi9XKOI4c2kCbaBt5qIKq6ASdojqi6Bbdo0f05Nw5D86z8zIanXDGO2voB5zXD8WdlmE=</latexi t>
↵0( ~E · ~B)non-CME/(⇡s ⌘eR)
<latexit sha1_base64="kqnD/HMqT72aUqjGHLpapuglR3E=">AAACLHicdVBdSxtBFJ3Vftj0w1Qf+zIY SuND092oJPsmDYIvgi2NCpmwzE5uzODszDJzVwzL/iBf/CuF0gdFfPV3OIkptKU9cOFwzr3ce0+aK+kwDG+CpeUnT589X3lRe/nq9ZvV+tu1I2cKK6AvjDL2JOUOlNTQR4kKTnILPEsVHKdnvZl/fA7WSaO/4TSHYcZPtRxL wdFLSb3HuMon/EOTnYOge0yMDNI5/7yZlAzhAktt9MfewV5VfaJNlkvqKKMMkCclJF+rTZrUG2Er7u7sbHVp2ArDuB13PInjOOpENPLKDA2ywGFS/8FGRhQZaBSKOzeIwhyHJbcohYKqxgoHORdn/BQGnmqegRuW82cr+t4r Izo21pdGOld/nyh55tw0S31nxnHi/vZm4r+8QYHj7rCUOi8QtHhcNC4URUNnydGRtCBQTT3hwkp/KxUTbrlAn2/Nh/DrU/p/ctRuRVut9pftxu72Io4V8o5skCaJSIfskn1ySPpEkEvynVyTm+Aq+BncBnePrUvBYmad/IHg /gF8UaaD</latexit>
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]
<latexit sha1_base64="TPP086XhnxJ72NkUDTX4IP4YVXA=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAYhVdyNgtoFLLSMYi6QLMvs5CQZMnth5qwYlryCja9iY6GIrZ2db+PkUsTEHwY+/nPOzJzfj6XQaNs/1tLyyuraemYju7m1vbOb29uv6ShRHKo8kpFq+EyDFCFUUaCERqyABb6Eut+/GtXrD6C0iMJ7HMTgBqwbio7gDI3l5QqtdoS0Bci8FLy74ckM02YL4RHTa6gNXS+Xt4v2WHQRnCnkyVQVL/dtruZJACFyybRuOnaMbsoUCi5hmG0lGmLG+6wLTYMhC0C76XijIT02Tpt2ImVOiHTszk6kLNB6EPimM2DY0/O1kflfrZlg58JNRRgnCCGfPNRJJMWIjuKhbaGAoxwYYFwJ81fKe0wxjibErAnBmV95EWqlonNaLN2e5cuX0zgy5JAckQJxyDkpkxtSIVXCyRN5IW/k3Xq2Xq0P63PSumRNZw7IH1lfvz3DnUE=</latexit>
⌘B(TEW) ' 1⇥ 10 18
<latexit sha1_base64="MKzFRP96l4rygn0pRQII+zt2/gw=">AAACGHicbZA9SwNBE Ib3/DZ+RS1tFoMQC+OdiqYMimAZwZhALh57m4lZsvfh7pwYjvsZNv4VGwtFbNP5b9zEFGp8YeHhnRlm5/VjKTTa9qc1NT0zOze/sJhbWl5ZXcuvb1zrKFEcajySkWr4TIMUIdRQoI RGrIAFvoS63zsb1uv3oLSIwivsx9AK2G0oOoIzNJaX33cBmXdavPJSF+EB0/N6lu1SV4sA7qhDXTSgqWPfpHtOOaNevmCX7JHoJDhjKJCxql5+4LYjngQQIpdM66Zjx9hKmULBJWQ 5N9EQM95jt9A0GDKzrpWODsvojnHatBMp80KkI/fnRMoCrfuBbzoDhl39tzY0/6s1E+yUW6kI4wQh5N+LOomkGNFhSrQtFHCUfQOMK2H+SnmXKcbRZJkzITh/T56E64OSc1g6uDwq VI7HcSyQLbJNisQhJ6RCLkiV1Agnj+SZvJI368l6sd6tj+/WKWs8s0l+yRp8ARhYnng=</latexit>
mS = 47 TeV
<latexit sha1_base64="nZ/6PBfoXipgR3hGxeM70SRrq5s=">AAAB/nicbVDJSgNBE O2JW4xbVDx5aQyCpzATg/EiBLx4jJhFyAyhp1NJmvQsdNeIYQj4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo22/W1lVlbX1jeym7mt7Z3dvfz+QVNHieLQ4JGM1L3PNEgRQgMFSr iPFbDAl9Dyh9cTv/UASosorOMoBi9g/VD0BGdopE7+KOjc0StarlCXugiPmNahOe7kC3bRnoIuE2dOCmSOWif/5XYjngQQIpdM67Zjx+ilTKHgEsY5N9EQMz5kfWgbGrIAtJdOzx/ TU6N0aS9SpkKkU/X3RMoCrUeBbzoDhgO96E3E/7x2gr1LLxVhnCCEfLaol0iKEZ1kQbtCAUc5MoRxJcytlA+YYhxNYjkTgrP48jJplorOebF0Wy5UL+ZxZMkxOSFnxCEVUiU3pEYa hJOUPJNX8mY9WS/Wu/Uxa81Y85lD8gfW5w8SjZRA</latexit>
Tmaxs
<latexit sha1_base64="p+Q7nhCXpv/JRhZ5NlQXF+7ptvM= ">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSRV0GPBi8cK/RDaGDbbTbt0dxN2J6Ul5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5Yc KZBtf9tkobm1vbO+Xdyt7+weGRfXzS0XGqCG2TmMfqMcSaciZpGxhw+pgoikXIaTcc38397oQqzWLZgllCfYGHkkWMYDBSYNutQD 9lfaBTyASe5nlgV92au4CzTryCVFGBZmB/9QcxSQWVQDjWuue5CfgZVsAIp3mln2qaYDLGQ9ozVGJBtZ8tLs+dC6MMnChWpiQ4C/ X3RIaF1jMRmk6BYaRXvbn4n9dLIbr1MyaTFKgky0VRyh2InXkMzoApSoDPDMFEMXOrQ0ZYYQImrIoJwVt9eZ106jXvqlZ/uK426k UcZXSGztEl8tANaqB71ERtRNAEPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AFkrZQa</latexit>
Tmaxs
<latexit sha1_base64="p+Q7nhCXpv/JRhZ5NlQXF+7ptvM= ">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSRV0GPBi8cK/RDaGDbbTbt0dxN2J6Ul5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5Yc KZBtf9tkobm1vbO+Xdyt7+weGRfXzS0XGqCG2TmMfqMcSaciZpGxhw+pgoikXIaTcc38397oQqzWLZgllCfYGHkkWMYDBSYNutQD 9lfaBTyASe5nlgV92au4CzTryCVFGBZmB/9QcxSQWVQDjWuue5CfgZVsAIp3mln2qaYDLGQ9ozVGJBtZ8tLs+dC6MMnChWpiQ4C/ X3RIaF1jMRmk6BYaRXvbn4n9dLIbr1MyaTFKgky0VRyh2InXkMzoApSoDPDMFEMXOrQ0ZYYQImrIoJwVt9eZ106jXvqlZ/uK426k UcZXSGztEl8tANaqB71ERtRNAEPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AFkrZQa</latexit>3⇢S S/(4⇢rad)
<latexit sha1_base64="+74vBL/eHob3l5mhJ3rsKntW/eA=">AAACEHicdVCxThtBEN0DAsQkYKBM s8KKII1za1vYdEgUUIKMAclnnebWa7zy7t1pdw5hnfwJNPwKDUUiRJsyHX/Dnu1IISJPGunpvRnNzItSJS36/ou3sLj0YXll9WNp7dPn9Y3y5taFTTLDRYcnKjFXEVihZCw6KFGJq9QI0JESl9HoqPAvb4SxMonP cZyKnobrWA4kB3RSWN6t08AMk7BNg2PQGsL2973GTMoDFLeYG+hPJt/CcsWv+r7PGKMFYc1935GDg1aNtSgrLIcKmeM0LP8O+gnPtIiRK7C2y/wUezkYlFyJSSnIrEiBj+BadB2NQQvby6cPTehXp/TpIDGuYqRT 9e+JHLS1Yx25Tg04tP96hfie181w0OrlMk4zFDGfLRpkimJCi3RoXxrBUY0dAW6ku5XyIRjg6DIsuRD+fEr/Ty5qVVav1s4alcPmPI5V8oXskD3CSJMckhNySjqEkzvyQH6Qn9699+g9ec+z1gVvPrNN3sD79Qp thpw7</latexit>
 LR(⌘eR   ⌘eL + ⌘ /2)/⌘eR
<latexit sha1_base64="fAGRxJbdfTycoa7LKXejKtaTK5w=">AAACU nicdVJBT9swFHY6GKyDkY3jLhbVJNBY6rSVAjekHcaBAyAKSE0UOe5ra9VOItuZVEX5jZMmLvshu+ywzS2JYGg8ydL3vvfe9/yeneSCa0PID6f1Ym 395cbmq/brre03O+7bd9c6KxSDIctEpm4TqkHwFIaGGwG3uQIqEwE3yfzzMn7zFZTmWXplFjlEkk5TPuGMGkvFLi/DlchITZOoJB45Do76g0PiBQP iDwILiB8c94Mq/EKlpHF5dlnh/RCMhRBb/Ak3zlmFP9ZOmM941e0ddB8Sq9jtNPK4kceNPPY9srIOqu08dr+H44wVElLDBNV65JPcRCVVhjMBVTss NOSUzekURhamVIKOytU0Ff5gmTGeZMqe1OAV+7iipFLrhUxspqRmpp/GluT/YqPCTI6ikqd5YSBl940mhcAmw8v94jFXwIxYWECZ4vaumM2ooszYV 2jbJTST4ufBdc/z+17vYtA58ep1bKL3aA/tIx8F6ASdonM0RAx9Qz/Rb/THuXN+tewvuU9tOXXNLvrHWlt/AVjhsCQ=</latexit>
⌘˙totaleR /⌘eR
<latexit sha1_base64="bubVjJH/W6UKdWdmB7JhKouNpUU=">AAACE3icdVA9Sw NBEN3zM8avqKXNYhDE4tyLGk0XsLFUMSok8djbTHRx74PdOTEc9x9s/Cs2ForY2tj5b9zECCr6YODx3szuzAsSJQ0y9u6MjI6NT0wWporTM7Nz86WFxRMTp1pAQ8Qq1mcBN6 BkBA2UqOAs0cDDQMFpcLXX90+vQRsZR8fYS6Ad8otIdqXgaCW/tN7qxEhbgNzPwD/Kz7MWwg1mGCNXeb7xzfJLZebWamzLq1LmbjNWqdYsYZuV3WqVei4boEyGOPBLb/ZxkY YQoVDcmKbHEmxnXKMUCvJiKzWQcHHFL6BpacRDMO1scFNOV63Sod1Y24qQDtTvExkPjemFge0MOV6a315f/MtrptjdbWcySlKESHx+1E0VxZj2A6IdqUGg6lnChZZ2Vyouu eYCbYxFG8LXpfR/clJxvU23crhVrnvDOApkmayQNeKRHVIn++SANIggt+SePJIn5855cJ6dl8/WEWc4s0R+wHn9AJ3knzk=</latexit>
 ⌘˙totaleR /⌘eR
<latexit sha1_base64="TV/9JtdLXDxERESf3YTJBJAHtt4=">AAACFHicd VDLSgNBEJyN7/iKevQyGARBjLuJIckt4MVjFKNCEpfZSScOmX0w0yuGZT/Ci7/ixYMiXj1482+cxAgqWtBQVHXPdJcXSaHRtt+tzNT0zOzc/EJ2cWl5ZTW3tn6 mw1hxaPJQhurCYxqkCKCJAiVcRAqY70k49waHI//8GpQWYXCKwwg6PusHoic4QyO5ud29djdE2gZkbgLuSXqZtBFuMMEQmUzT/W+Wm8vbhUqt7NTKdEQOqnbV ELtUrlWK1CnYY+TJBA0392Ye57EPAXLJtG45doSdhCkUXEKabccaIsYHrA8tQwPmg+4k46NSum2ULu2FylSAdKx+n0iYr/XQ90ynz/BK//ZG4l9eK8ZetZOIII oRAv75US+WFEM6Soh2hQKOcmgI40qYXSm/YopxNDlmTQhfl9L/yVmx4JQKxeODfN2ZxDFPNskW2SEOqZA6OSIN0iSc3JJ78kierDvrwXq2Xj5bM9ZkZoP8gPX 6AS8Hn4Y=</latexit>
Benchmark B
<latexit sha1_base64="9HFIDTWpTcwOmHw7S0ByILLrjcM=">AAAB8nicb VDLSgMxFL1TX7W+qi7dBIvgqsxUQZelblxWsA+YDiWTpm1oHkOSEcrQz3DjQhG3fo07/8a0nYW2HggczrmX3HPihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2Uak mtEUUV7obY0M5k7RlmeW0m2iKRcxpJ57czf3OE9WGKflopwmNBB5JNmQEWyeFDSrJWGA9QY1+ueJX/QXQOglyUoEczX75qzdQJBVUWsKxMWHgJzbKsLaMcDor 9VJDE0wmeERDRyUW1ETZ4uQZunDKAA2Vdk9atFB/b2RYGDMVsZsU2I7NqjcX//PC1A5vo4zJJLUu2/KjYcqRVWieHw2YpsTyqSOYaOZuRWSMNSbWtVRyJQSrkd dJu1YNrqq1h1qlfp3XUYQzOIdLCOAG6nAPTWgBAQXP8ApvnvVevHfvYzla8PKdU/gD7/MHpleQyQ==</latexit>
Figure 8: The evolution of ηB for benchmark B
as a function of temperature is presented. The
lower panel is each of the contributions to η˙eR
(Eq. 33) normalized by ηeR , the quantity which is
also equal to η˙BηB . In the lower panel, the solid
green line is proportional to the rate of the
chirality flip of the right-handed electron. The
dashed red line is the relative growth rate of the
asymmetry in the right-handed electron injected
by the flavon. The dotted blue line is the
contribution of the flavon to the dilution of the
asymmetry. The dotted magenta shows the
non-CME component of the hypermagnetic field
effect in the evolution of ηB . The solid orange
and yellow lines, together, show the magnitude of
the sum of the contributions. In this benchmark,
there is a large gap between when the flavon
decays and ( ~EY · ~BY )non-CME dominates. During
this gap, the sphaleron has enough time to eat up
the asymmetry and thus we are left with too little
asymmetry. Since the asymmetry depletes very
quickly, the CME cannot increase the HMFA
efficiently.
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<latexit sha1_base64="bcM2BeseKsBl HqED3nfl16sinUo=">AAACAnicbVDLSgNBEJz1GeMr6km8DAYhXsJuFNRbwIMeI+QFy RJmJ51kyOyDmV4xLMGLv+LFgyJe/Qpv/o2TZA+aWNBQVHXT3eVFUmi07W9raXlldW09 s5Hd3Nre2c3t7dd1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15P/MY9KC3CoIqjCFy f9QPRE5yhkTq5wzbCAyZV8CNQDGMFtHAD9dMx7eTydtGegi4SJyV5kqLSyX21uyGPfQ iQS6Z1y7EjdBOmUHAJ42w71hAxPmR9aBkaMB+0m0xfGNMTo3RpL1SmAqRT9fdEwnytR 75nOn2GAz3vTcT/vFaMvUs3EUEUIwR8tqgXS4ohneRBu0IBRzkyhHElzK2UD5hiHE1q WROCM//yIqmXis5ZsXR3ni9fpXFkyBE5JgXikAtSJrekQmqEk0fyTF7Jm/VkvVjv1se sdclKZw7IH1ifP5VHlto=</latexit>
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<latexit sha1_base64= "ZNjrOL23Bu666Py+ldpR8Q6j3yo=">AAACBnicb VDLSgNBEJz1GeNr1aMIg0HwYthVQb0FQ8CLECEvS GKYnUx0cHZmmekVw7InL/6KFw+KePUbvPk3Th4HT SxoKKq66e4KIsENeN63MzM7N7+wmFnKLq+srq27G 5s1o2JNWZUqoXQjIIYJLlkVOAjWiDQjYSBYPbgrD vz6PdOGK1mBfsTaIbmRvMcpASt13J1KJym1aFcBP k+vkxawB0ikkgfFy1Kadtycl/eGwNPEH5McGqPcc b9aXUXjkEmgghjT9L0I2gnRwKlgabYVGxYRekduW NNSSUJm2snwjRTvWaWLe0rbkoCH6u+JhITG9MPAd oYEbs2kNxD/85ox9E7bCZdRDEzS0aJeLDAoPMgEd 7lmFETfEkI1t7dieks0oWCTy9oQ/MmXp0ntMO8f5 Q+vjnOFs3EcGbSNdtE+8tEJKqALVEZVRNEjekav6 M15cl6cd+dj1DrjjGe20B84nz8ZiJjc</latexit>
T non-CMEE·B
<latexit sha1_base64= "ZNjrOL23Bu666Py+ldpR8Q6j3yo=">AAACBnicb VDLSgNBEJz1GeNr1aMIg0HwYthVQb0FQ8CLECEvS GKYnUx0cHZmmekVw7InL/6KFw+KePUbvPk3Th4HT SxoKKq66e4KIsENeN63MzM7N7+wmFnKLq+srq27G 5s1o2JNWZUqoXQjIIYJLlkVOAjWiDQjYSBYPbgrD vz6PdOGK1mBfsTaIbmRvMcpASt13J1KJym1aFcBP k+vkxawB0ikkgfFy1Kadtycl/eGwNPEH5McGqPcc b9aXUXjkEmgghjT9L0I2gnRwKlgabYVGxYRekduW NNSSUJm2snwjRTvWaWLe0rbkoCH6u+JhITG9MPAd oYEbs2kNxD/85ox9E7bCZdRDEzS0aJeLDAoPMgEd 7lmFETfEkI1t7dieks0oWCTy9oQ/MmXp0ntMO8f5 Q+vjnOFs3EcGbSNdtE+8tEJKqALVEZVRNEjekav6 M15cl6cd+dj1DrjjGe20B84nz8ZiJjc</latexit>
⌘
B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>
T
E
W
<latexit sha1_base64="Lhb3NcpJOhG5+6dZDlLCJUr00CI=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FRPAYIS9IljA76SRDZh/O9AbDst/hxYMiXv0Yb/6Nk2QPmljQUFR1093lRVJotO1vK7e2vrG5ld8u7Ozu7R8UD4+aOowVhwYPZajaHtMgRQANFCihHSlgvieh5Y1vZ35rAkqLMKjjNALXZ8NADARnaCS33ku6CE+Y3LXStFcs2WV7DrpKnIyUSIZar/jV7Yc89iFALpnWHceO0E2YQsElpIVurCFifMyG0DE0YD5oN5kfndIzo/TpIFSmAqRz9fdEwnytp75nOn2GI73szcT/vE6Mg2s3EUEUIwR8sWgQS4ohnSVA+0IBRzk1hHElzK2Uj5hiHE1OBROCs/zyKmlWys5FufJwWareZHHkyQk5JefEIVekSu5JjTQIJ4/kmbySN2tivVjv1seiNWdlM8fkD6zPHy+oklc=</latexit>
Tcf
<latexit sha1_base64="QJA8KYyma CXVsB5Pzl7Y5Z93Njo=">AAAB9HicbVBNS8NAEN34WetX1aOXYBE8laQK9Vjw 4rFCv6ANZbOdtEs3m7g7KZaQ3+HFgyJe/THe/Ddu2xy09cHA470ZZub5seAaH efb2tjc2t7ZLewV9w8Oj45LJ6dtHSWKQYtFIlJdn2oQXEILOQroxgpo6Avo+J O7ud+ZgtI8kk2cxeCFdCR5wBlFI3nNQdpHeMKUBVk2KJWdirOAvU7cnJRJjsa g9NUfRiwJQSITVOue68TopVQhZwKyYj/REFM2oSPoGSppCNpLF0dn9qVRhnYQ KVMS7YX6eyKlodaz0DedIcWxXvXm4n9eL8Hg1ku5jBMEyZaLgkTYGNnzBOwhV 8BQzAyhTHFzq83GVFGGJqeiCcFdfXmdtKsV97pSfbgp12t5HAVyTi7IFXFJjd TJPWmQFmHkkTyTV/JmTa0X6936WLZuWPnMGfkD6/MHc7qSgg==</latexit>
ck0 = 0.505
<latexit sha1_base64="RL+io2AHJ ifrrm9s+63+CS1YyDM=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0iqRS9C wYvHCvYD2hA22027dLMJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w5U 9p1v6219Y3Nre3STnl3b/+gYh8etVWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45L QTjm9nfueRSsUS8aAnKfVjPBQsYgRrIwV2hQT5OHCn6Aa5Tt2tB3bVddw50Cr xClKFAs3A/uoPEpLFVGjCsVI9z021n2OpGeF0Wu5niqaYjPGQ9gwVOKbKz+eH T9GZUQYoSqQpodFc/T2R41ipSRyazhjrkVr2ZuJ/Xi/T0bWfM5FmmgqyWBRlH OkEzVJAAyYp0XxiCCaSmVsRGWGJiTZZlU0I3vLLq6Rdc7wLp3Z/WW3UijhKcA KncA4eXEED7qAJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx8bH5Fe</latex it>
TBY (max)
<latexit sha1_base64="nUOeqtf mPVrTNVaxG/1qURAZ9rM=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXs JMFPQY9OIxQjZJhqGn00ma9Cx010jiMPgrXjwo4tX/8Obf2EnmoIkPCh7 vVVFVz4sEV2BZ30ZuZXVtfSO/Wdja3tndM/cPmiqMJWUNGopQtj2imOAB awAHwdqRZMT3BGt5o5up33pgUvEwqMMkYo5PBgHvc0pAS655VHeTa/cel 7rAxpD4ZJyepa5ZtMrWDHiZ2Bkpogw11/zq9kIa+ywAKohSHduKwEmIBE 4FSwvdWLGI0BEZsI6mAfGZcpLZ9Sk+1UoP90OpKwA8U39PJMRXauJ7utM nMFSL3lT8z+vE0L9yEh5EMbCAzhf1Y4EhxNMocI9LRkFMNCFUcn0rpkMi CQUdWEGHYC++vEyalbJ9Xq7cXRSrlSyOPDpGJ6iEbHSJqugW1VADUfSIn tErejOejBfj3fiYt+aMbOYQ/YHx+QP0upTc</latexit>
TBY (max)
<latexit sha1_base64="nUOeqtfmP VrTNVaxG/1qURAZ9rM=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXsJMFPQY 9OIxQjZJhqGn00ma9Cx010jiMPgrXjwo4tX/8Obf2EnmoIkPCh7vVVFVz4sEV 2BZ30ZuZXVtfSO/Wdja3tndM/cPmiqMJWUNGopQtj2imOABawAHwdqRZMT3BG t5o5up33pgUvEwqMMkYo5PBgHvc0pAS655VHeTa/cel7rAxpD4ZJyepa5ZtMr WDHiZ2Bkpogw11/zq9kIa+ywAKohSHduKwEmIBE4FSwvdWLGI0BEZsI6mAfGZ cpLZ9Sk+1UoP90OpKwA8U39PJMRXauJ7utMnMFSL3lT8z+vE0L9yEh5EMbCAz hf1Y4EhxNMocI9LRkFMNCFUcn0rpkMiCQUdWEGHYC++vEyalbJ9Xq7cXRSrlS yOPDpGJ6iEbHSJqugW1VADUfSIntErejOejBfj3fiYt+aMbOYQ/YHx+QP0upT c</latexit>
Be SnS/neR
<latexit sha1_base64="76VSt/ww87HA2J0swN JvRph1Zhs=">AAACAnicdVBNSwMxEM36WetX1ZN4CRbBU91di9Vb0YMe1VpbaMuSTac2mGSXJCuUpXjx r3jxoIhXf4U3/41ZW0FFH8zweG+GZF4Yc6aN6747E5NT0zOzubn8/MLi0nJhZfVSR4miUKcRj1QzJBo4 k1A3zHBoxgqICDk0wuujzG/cgNIskhdmEENHkCvJeowSY6WgsH4YAG4fEyFIUMMyqO3YlkJwPgwKRbd 0sL/nl/ewW3Ldiud7GfEr5d0y9qySoYjGOA0Kb+1uRBMB0lBOtG55bmw6KVGGUQ7DfDvREBN6Ta6gZak kAnQn/TxhiLes0sW9SNmSBn+q3zdSIrQeiNBOCmL6+reXiX95rcT09jspk3FiQNLRQ72EYxPhLA/cZQq o4QNLCFXM/hXTPlGEGpta3obwdSn+n1z6JW+35J+Vi9XKOI4c2kCbaBt5qIKq6ASdojqi6Bbdo0f05Nw 5D86z8zIanXDGO2voB5zXD8WdlmE=</latexit>
↵0( ~E · ~B)non-CME/(⇡s ⌘eR)
<latexit sha1_base64="kqnD/HMqT72aUqjGHLpapugl R3E=">AAACLHicdVBdSxtBFJ3Vftj0w1Qf+zIYSuND092oJPsmDYIvgi2NCpmwzE5uzODszDJzVwzL/iBf/CuF0gdFf PV3OIkptKU9cOFwzr3ce0+aK+kwDG+CpeUnT589X3lRe/nq9ZvV+tu1I2cKK6AvjDL2JOUOlNTQR4kKTnILPEsVHKdn vZl/fA7WSaO/4TSHYcZPtRxLwdFLSb3HuMon/EOTnYOge0yMDNI5/7yZlAzhAktt9MfewV5VfaJNlkvqKKMMkCclJF+ rTZrUG2Er7u7sbHVp2ArDuB13PInjOOpENPLKDA2ywGFS/8FGRhQZaBSKOzeIwhyHJbcohYKqxgoHORdn/BQGnmqeg RuW82cr+t4rIzo21pdGOld/nyh55tw0S31nxnHi/vZm4r+8QYHj7rCUOi8QtHhcNC4URUNnydGRtCBQTT3hwkp/KxUT brlAn2/Nh/DrU/p/ctRuRVut9pftxu72Io4V8o5skCaJSIfskn1ySPpEkEvynVyTm+Aq+BncBnePrUvBYmad/IHg/gF 8UaaD</latexit>
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<latexit sha1_base64="TPP086XhnxJ72NkUDTX4IP4YVXA=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAYhVdyNgtoFLLSMYi6QLMvs5CQZMnth5qwYlryCja9iY6GIrZ2db+PkUsTEHwY+/nPOzJzfj6XQaNs/1tLyyuraemYju7m1vbOb29uv6ShRHKo8kpFq+EyDFCFUUaCERqyABb6Eut+/GtXrD6C0iMJ7HMTgBqwbio7gDI3l5QqtdoS0Bci8FLy74ckM02YL4RHTa6gNXS+Xt4v2WHQRnCnkyVQVL/dtruZJACFyybRuOnaMbsoUCi5hmG0lGmLG+6wLTYMhC0C76XijIT02Tpt2ImVOiHTszk6kLNB6EPimM2DY0/O1kflfrZlg58JNRRgnCCGfPNRJJMWIjuKhbaGAoxwYYFwJ81fKe0wxjibErAnBmV95EWqlonNaLN2e5cuX0zgy5JAckQJxyDkpkxtSIVXCyRN5IW/k3Xq2Xq0P63PSumRNZw7IH1lfvz3DnUE=</latexit>
TBY (min)
<latexit sha1_base64="oYrEgrEEoY4mB q6+H9bNEsnIVFM=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCuYY9OIxQjZJhqGn 00ma9PQM3TViHAZ/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh8JrsG2v63Myura+kZ2M7e1v bO7l98/aOowVpQ1aChC1faJZoJL1gAOgrUjxUjgC9byR9cTv3XPlOahrMM4Ym5ABpL3OSV gJC9/VPeSK+8OF7vAHiAJuEzPUi9fsEv2FHiZOHNSQHPUvPxXtxfSOGASqCBadxw7Ajch CjgVLM11Y80iQkdkwDqGShIw7SbT61N8apQe7ofKlAQ8VX9PJCTQehz4pjMgMNSL3kT8z +vE0K+4CZdRDEzS2aJ+LDCEeBIF7nHFKIixIYQqbm7FdEgUoWACy5kQnMWXl0mzXHLOS+ Xbi0K1Mo8ji47RCSoiB12iKrpBNdRAFD2iZ/SK3qwn68V6tz5mrRlrPnOI/sD6/AHzgpT g</latexit>
Tmaxs
<latexit sha1_base64="p+Q7 nhCXpv/JRhZ5NlQXF+7ptvM=">AAAB+XicbVBNS8NAEN3Ur1q/ oh69BIvgqSRV0GPBi8cK/RDaGDbbTbt0dxN2J6Ul5J948aCIV/ +JN/+N2zYHbX0w8Hhvhpl5YcKZBtf9tkobm1vbO+Xdyt7+weGR fXzS0XGqCG2TmMfqMcSaciZpGxhw+pgoikXIaTcc38397oQqzW LZgllCfYGHkkWMYDBSYNutQD9lfaBTyASe5nlgV92au4CzTryC VFGBZmB/9QcxSQWVQDjWuue5CfgZVsAIp3mln2qaYDLGQ9ozVG JBtZ8tLs+dC6MMnChWpiQ4C/X3RIaF1jMRmk6BYaRXvbn4n9dLI br1MyaTFKgky0VRyh2InXkMzoApSoDPDMFEMXOrQ0ZYYQImrIo JwVt9eZ106jXvqlZ/uK426kUcZXSGztEl8tANaqB71ERtRNAEP aNX9GZl1ov1bn0sW0tWMXOK/sD6/AFkrZQa</latexit>
Tmaxs
<latexit sha1_base64="p+Q7 nhCXpv/JRhZ5NlQXF+7ptvM=">AAAB+XicbVBNS8NAEN3Ur1q/ oh69BIvgqSRV0GPBi8cK/RDaGDbbTbt0dxN2J6Ul5J948aCIV/ +JN/+N2zYHbX0w8Hhvhpl5YcKZBtf9tkobm1vbO+Xdyt7+weGR fXzS0XGqCG2TmMfqMcSaciZpGxhw+pgoikXIaTcc38397oQqzW LZgllCfYGHkkWMYDBSYNutQD9lfaBTyASe5nlgV92au4CzTryC VFGBZmB/9QcxSQWVQDjWuue5CfgZVsAIp3mln2qaYDLGQ9ozVG JBtZ8tLs+dC6MMnChWpiQ4C/X3RIaF1jMRmk6BYaRXvbn4n9dLI br1MyaTFKgky0VRyh2InXkMzoApSoDPDMFEMXOrQ0ZYYQImrIo JwVt9eZ106jXvqlZ/uK426kUcZXSGztEl8tANaqB71ERtRNAEP aNX9GZl1ov1bn0sW0tWMXOK/sD6/AFkrZQa</latexit>
3⇢S S/(4⇢rad)
<latexit sha1_base64="+74vBL/eHob3l5mhJ3r sKntW/eA=">AAACEHicdVCxThtBEN0DAsQkYKBMs8KKII1za1vYdEgUUIKMAclnnebWa7zy7t1pdw5hn fwJNPwKDUUiRJsyHX/Dnu1IISJPGunpvRnNzItSJS36/ou3sLj0YXll9WNp7dPn9Y3y5taFTTLDRYcnK jFXEVihZCw6KFGJq9QI0JESl9HoqPAvb4SxMonPcZyKnobrWA4kB3RSWN6t08AMk7BNg2PQGsL2973GT MoDFLeYG+hPJt/CcsWv+r7PGKMFYc1935GDg1aNtSgrLIcKmeM0LP8O+gnPtIiRK7C2y/wUezkYlFyJS SnIrEiBj+BadB2NQQvby6cPTehXp/TpIDGuYqRT9e+JHLS1Yx25Tg04tP96hfie181w0OrlMk4zFDGfL RpkimJCi3RoXxrBUY0dAW6ku5XyIRjg6DIsuRD+fEr/Ty5qVVav1s4alcPmPI5V8oXskD3CSJMckhNyS jqEkzvyQH6Qn9699+g9ec+z1gVvPrNN3sD79Qpthpw7</latexit>
↵0( ~E · ~B)CME/(⇡s ⌘eR)<latexit sha1_base64="wD4SZ/XUNcuYH EW7G/Tn45Q2+UQ=">AAACKHicdZBNSxxBEIZ7/HbjxyY5emlcJOtlnDWReIsoQi6CEVeF 7WWo6a11G3s+6K4Rl2F+jhf/Si4hKMGrvyS96wgq+kLDy1NVVNcbZVpZCoJ7b2Jyanpm dm6+9mFhcWm5/vHTiU1zI7EtU52aswgsapVgmxRpPMsMQhxpPI0u9kb100s0VqXJMQ0z7 MZwnqi+kkAOhfUfAnQ2gC9NcYmS7wvZS4mP/e56WAjCKyr2DvbLcoM3Raa45YILJAgLDI /KdR7WG4G/FYzEAz94MhVpVaTBKh2G9b+il8o8xoSkBms7rSCjbgGGlNRY1kRuMQN5Aef YcTaBGG23GB9a8jVHeryfGvcS4mP6fKKA2NphHLnOGGhgX9dG8K1aJ6f+drdQSZYTJvJx UT/XnFI+So33lEFJeugMSKPcX7kcgAFJLtuaC+HpUv6+Odn0W1/9zV/fGjt+FcccW2Gr rMla7DvbYT/ZIWszya7Zb3bL7rwb74/3z7t/bJ3wqpnP7IW8h//JL6SC</latexit>
 LR(⌘eR   ⌘eL + ⌘ /2)/⌘eR
<latexit sha1_base64="fAGRxJb dfTycoa7LKXejKtaTK5w=">AAACUnicdVJBT9swFHY6GKyDkY3jLhbVJN BY6rSVAjekHcaBAyAKSE0UOe5ra9VOItuZVEX5jZMmLvshu+ywzS2JYG g8ydL3vvfe9/yeneSCa0PID6f1Ym395cbmq/brre03O+7bd9c6KxSDIct Epm4TqkHwFIaGGwG3uQIqEwE3yfzzMn7zFZTmWXplFjlEkk5TPuGMGkvF Li/DlchITZOoJB45Do76g0PiBQPiDwILiB8c94Mq/EKlpHF5dlnh/RCMh RBb/Ak3zlmFP9ZOmM941e0ddB8Sq9jtNPK4kceNPPY9srIOqu08dr+H44 wVElLDBNV65JPcRCVVhjMBVTssNOSUzekURhamVIKOytU0Ff5gmTGeZM qe1OAV+7iipFLrhUxspqRmpp/GluT/YqPCTI6ikqd5YSBl940mhcAmw8v 94jFXwIxYWECZ4vaumM2ooszYV2jbJTST4ufBdc/z+17vYtA58ep1bKL3 aA/tIx8F6ASdonM0RAx9Qz/Rb/THuXN+tewvuU9tOXXNLvrHWlt/AVjhs CQ=</latexit>
⌘˙totaleR /⌘eR
<latexit sha1_base64="bubVjJH/W6UK dWdmB7JhKouNpUU=">AAACE3icdVA9SwNBEN3zM8avqKXNYhDE4tyLGk0XsLFUMSok 8djbTHRx74PdOTEc9x9s/Cs2ForY2tj5b9zECCr6YODx3szuzAsSJQ0y9u6MjI6NT0 wWporTM7Nz86WFxRMTp1pAQ8Qq1mcBN6BkBA2UqOAs0cDDQMFpcLXX90+vQRsZR8fY S6Ad8otIdqXgaCW/tN7qxEhbgNzPwD/Kz7MWwg1mGCNXeb7xzfJLZebWamzLq1Lmbj NWqdYsYZuV3WqVei4boEyGOPBLb/ZxkYYQoVDcmKbHEmxnXKMUCvJiKzWQcHHFL6Bp acRDMO1scFNOV63Sod1Y24qQDtTvExkPjemFge0MOV6a315f/MtrptjdbWcySlKESH x+1E0VxZj2A6IdqUGg6lnChZZ2VyouueYCbYxFG8LXpfR/clJxvU23crhVrnvDOApk mayQNeKRHVIn++SANIggt+SePJIn5855cJ6dl8/WEWc4s0R+wHn9AJ3knzk=</late xit>
 ⌘˙totaleR /⌘eR
<latexit sha1_base64="TV/9JtdLX DxERESf3YTJBJAHtt4=">AAACFHicdVDLSgNBEJyN7/iKevQyGARBjLuJIckt 4MVjFKNCEpfZSScOmX0w0yuGZT/Ci7/ixYMiXj1482+cxAgqWtBQVHXPdJcXS aHRtt+tzNT0zOzc/EJ2cWl5ZTW3tn6mw1hxaPJQhurCYxqkCKCJAiVcRAqY70 k49waHI//8GpQWYXCKwwg6PusHoic4QyO5ud29djdE2gZkbgLuSXqZtBFuMME QmUzT/W+Wm8vbhUqt7NTKdEQOqnbVELtUrlWK1CnYY+TJBA0392Ye57EPAXLJ tG45doSdhCkUXEKabccaIsYHrA8tQwPmg+4k46NSum2ULu2FylSAdKx+n0iYr /XQ90ynz/BK//ZG4l9eK8ZetZOIIIoRAv75US+WFEM6Soh2hQKOcmgI40qYXS m/YopxNDlmTQhfl9L/yVmx4JQKxeODfN2ZxDFPNskW2SEOqZA6OSIN0iSc3JJ 78kierDvrwXq2Xj5bM9ZkZoP8gPX6AS8Hn4Y=</latexit>
T? = 1.4⇥ 105 GeV
<latexit sha1_base64="3n/tV FcqnBzXhxcjqziyM3FUTQc=">AAACEnicbVC7SgNBFJ31bXxFLW0Gg 6DNsqsRbQTBQssIeQjZNcxObpIhsw9m7oph2W+w8VdsLBSxtbLzb5 w8Co0eGDj3nHu5c0+QSKHRcb6smdm5+YXFpeXCyura+kZxc6uu41Rx qPFYxuomYBqkiKCGAiXcJApYGEhoBP2Lod+4A6VFHFVxkIAfsm4kO oIzNFKreFBteRqZomfUtcvUQxGCpq5zmx3n1DM13GN2CfW80CqWHN sZgf4l7oSUyASVVvHTa8c8DSFCLpnWTddJ0M+YQsEl5AUv1ZAw3mdd aBoaMbPZz0Yn5XTPKG3aiZV5EdKR+nMiY6HWgzAwnSHDnp72huJ/X jPFzqmfiShJESI+XtRJJcWYDvOhbaGAoxwYwrgS5q+U95hiHE2KwxD c6ZP/kvqh7R7Zh9fl0rk9iWOJ7JBdsk9cckLOyRWpkBrh5IE8kRfy aj1az9ab9T5unbEmM9vkF6yPb5Djm3k=</latexit>
⇤ = 106.5 GeV
<latexit sha1_base64="54giV ATx+plTf5UByzEcHWSizxQ=">AAACB3icbVC7SgNBFJ2N7/hatRRkM AhWy258NoJgoYVFBBOF7BpmJzc6ZPbBzF0xLNvZ+Cs2ForY+gt2/o 2TR+HrwMDhnHO5c0+YSqHRdT+t0tj4xOTU9Ex5dm5+YdFeWm7oJFM c6jyRiboMmQYpYqijQAmXqQIWhRIuwu5R37+4BaVFEp9jL4UgYtex6 AjO0Egte80/NeE2O6Cee5XvOjsF9amPcIf5MTSKll1xHXcA+pd4I1 IhI9Ra9offTngWQYxcMq2bnptikDOFgksoyn6mIWW8y66haWjMItB BPrijoBtGadNOosyLkQ7U7xM5i7TuRaFJRgxv9G+vL/7nNTPs7Ae5i NMMIebDRZ1MUkxovxTaFgo4yp4hjCth/kr5DVOMo6mubErwfp/8lz SqjrflVM+2K4fOqI5pskrWySbxyB45JCekRuqEk3vySJ7Ji/VgPVmv 1tswWrJGMyvkB6z3L4stl8g=</latexit>
mS = 3 TeV
<latexit sha1_base64="8Vq RSjTG+/p9Ed7hB8hKk6Hl26A=">AAAB/HicbVDLSgNBEJyNrxh fqzl6GQyCp7CbCHoRAl48RsxDyIYwO+kkQ2YfzPSKYYm/4sWD Il79EG/+jZNkD5pY0FBUddPd5cdSaHScbyu3tr6xuZXfLuzs7u 0f2IdHLR0likOTRzJS9z7TIEUITRQo4T5WwAJfQtsfX8/89gMo LaKwgZMYugEbhmIgOEMj9exi0LujV7TqUQ/hEdMGtKY9u+SUn TnoKnEzUiIZ6j37y+tHPAkgRC6Z1h3XibGbMoWCS5gWvERDzPi YDaFjaMgC0N10fvyUnhqlTweRMhUinau/J1IWaD0JfNMZMBzp ZW8m/ud1EhxcdlMRxglCyBeLBomkGNFZErQvFHCUE0MYV8LcSv mIKcbR5FUwIbjLL6+SVqXsVsuV2/NSrZzFkSfH5IScEZdckBq 5IXXSJJxMyDN5JW/Wk/VivVsfi9aclc0UyR9Ynz84b5PM</lat exit>
⌘B(TEW) ' 1.7⇥ 10 8
<latexit sha1_base64="J28obgPU4 l1AlTTbMNUpW1eaCR0=">AAACGHicbZA9SwNBEIb34nf8ilraLAZBC+NdFEwZ FMFSITFCLh57m0myZO/D3TkxHPczbPwrNhaK2Kbz37iJKTT6wsLDOzPMzuvHU mi07U8rNzM7N7+wuJRfXlldWy9sbF7rKFEc6jySkbrxmQYpQqijQAk3sQIW+B Iafv9sVG/cg9IiCms4iKEVsG4oOoIzNJZXOHQBmXe6V/NSF+EB0/NGlu1TV4s A7qhTOqEuGtTUsW/Tg0rmFYp2yR6L/gVnAkUy0aVXGLrtiCcBhMgl07rp2DG2 UqZQcAlZ3k00xIz3WReaBkNmlrXS8WEZ3TVOm3YiZV6IdOz+nEhZoPUg8E1nw LCnp2sj879aM8FOpZWKME4QQv69qJNIihEdpUTbQgFHOTDAuBLmr5T3mGIcTZ Z5E4IzffJfuC6XnKNS+eq4WD2exLFItskO2SMOOSFVckEuSZ1w8kieySt5s56 sF+vd+vhuzVmTmS3yS9bwCzKVnoo=</latexit>
Benchmark C
<latexit sha1_ba se64="HAdpVvIrz0GlV9XJ0M8SEEj6 aRY=">AAAB8nicbVDLSgMxFL1TX7W+q i7dBIvgqsxUQZfFblxWsA+YDiWTpm1 oHkOSEcrQz3DjQhG3fo07/8a0nYW2Hg gczrmX3HPihDNjff/bK2xsbm3vFHdL e/sHh0fl45O2UakmtEUUV7obY0M5k7R lmeW0m2iKRcxpJ5405n7niWrDlHy00 4RGAo8kGzKCrZPCOyrJWGA9QY1+ueJX /QXQOglyUoEczX75qzdQJBVUWsKxMW HgJzbKsLaMcDor9VJDE0wmeERDRyUW1 ETZ4uQZunDKAA2Vdk9atFB/b2RYGDM VsZsU2I7NqjcX//PC1A5vo4zJJLUu2/ KjYcqRVWieHw2YpsTyqSOYaOZuRWSM NSbWtVRyJQSrkddJu1YNrqq1h1qlfp3 XUYQzOIdLCOAG6nAPTWgBAQXP8Apvn vVevHfvYzla8PKdU/gD7/MHp9uQyg== </latexit>
Figure 9: The evolution of ηB for benchmark C
as a function of temperature is presented. The
lower panel is each of the contributions to η˙eR
(Eq. 33) normalized by ηeR , the quantity which is
also equal to η˙BηB . In the lower panel, the solid
green line is proportional to the rate of the
chirality flip of the right-handed electron. The
dashed red line is the relative growth rate of the
asymmetry in the right-handed electron injected
by the flavon. The dotted blue line is the
contribution of the flavon to the dilution of the
asymmetry. The dotted magenta and the dashed
purple line, respectively, show the non-CME and
the CME components of the hypermagnetic field
effect in the evolution of ηB . The solid orange
and yellow lines, together, show the magnitude of
the sum of the contributions. In this benchmark,
the flavon decays quickly and thus increases the
asymmetry in eR at relatively high temperatures.
Due to the increase in the asymmetry, the HMFA
has enough time to amplify and even dominate
the effect of the sphaleron. We see a sharp drop
in the asymmetry at TBY (max) followed by
another decline. Both of these effects are due to
the CME. Eventually, the non-CME component
dominates and preserves the asymmetry.
However, the value at which it preserves the
asymmetry is larger than the observed value.
Notice that the sharp increase in the flavon term
is because of the normalization.
